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Isolation, Synthesis and Structure—Activity Relationship Study of

Anticancer and Antimalarial Agents from Natural Products

Yumin Dai
Abstract

The Kingston group's engagement in an International Cooperative Biodiversity Group (ICBG)
program and a collaborative research project established between Virginia Tech and the Institute
for Hepatitis and Virus Research (IHVR) has focused on the search for bioactive natural products
from tropical forests in both Madagascar and South Africa. As a part of this research, a total of
four antiproliferative extracts were studied, leading to the isolation of fourteen novel compounds
with antiproliferative activity against the A2780 human ovarian cancer line. One extract with
antimalarial activity was studied, which led to the isolation of two new natural products with
antiplasmodial activity against a drug-resistant Dd2 strain of Plasmodium falciparum.

The plants and their secondary metabolites are discussed in the following order: two new
antiproliferative acetogenins from a Uvaria sp. (Annonaceae); two new antiproliferative
calamenene-type sesquiterpenoids from Sterculia tavia (Malvaceae); two new antiproliferative
triterpene saponins from Nematostylis anthophylla (Rubiaceae); six new antiproliferative
homoisoflavonoids and two new bufatrienolides from Urginea depressa (Asparagaceae); and two
new antiplasmodial anthraquinones from Kniphofia ensifolia (Asphodelaceae).

The structures of all these compounds were determined by analysis of their mass

spectrometric, 1D and 2D NMR, UV and IR spectroscopic and optical rotation data. Other than



structural elucidation, this work also involved bioactivity evaluations of all the isolates, as well as
total synthesis of the two antiproliferative sesquiterpenoids, and a structure—activity relationship

(SAR) studies on the antiplasmodial anthroquinones.
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Chapter 1. Introduction
1.1 Cancer and Anticancer Agentsfrom Natural Products

Cancer is the general name for a group of rtia@e 100 diseases, in which cells in a part of
the body begin to grow out of control. It is a seMée-threatening disease, with annual healtle car
costs in the billions of dollarsAccording to statistics from the American Cancecisty in 2007,
cancer is the second leading cause of death id&#ewith 562,875 deaths from different types of
cancer, accounting for 23.2% of all deaths in timétéd State$.In 2013, a total of 1,660,290 new
cancer cases and 580,350 deaths from cancer wajeeted to occut.The increasing death rate
from cancer is always a big concern not only intehiStates, but all over the world.

The current drugs used to treat cancer arelyndérived from two sources: natural products
and synthetic compounds through combinatorial ck&giln particular, after combinatorial
chemistry, which initially focused on establishisigall peptide libraries, was introduced into the
pharmaceutical industry, this fast and efficienttmed was expected to promote cancer drug
discovery. However, as small peptides do not ecedls, they are in general not suitable drug
candidate$. Later, even the improved combinatorial chemistgswapplied on modifying the
structures of drugs that originated from naturaljoicts; the basic skeleton of these new drugs are
seldom novel; thus it is of less help to identifie tdrugs with new anticancer mechanrsss
Newman and Craig indicated, only atenovo combinatorial compound was approved as a drug
in the last 30 yearsTherefore, the developments of synthetic compouads anticancer drugs
still relies on the identification of new naturanpounds to some extent.

Natural products have served as an importaduree for anticancer drugs since the early
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1940s. According to the data from the National @armastitute (NCI), more than two thirds of the
anticancer drugs approved between 1946 and 200&ither natural products or natural product
derivatives through chemical modification.

Among all the biological sources, plants haleng history of use in the treatment of cancer.
People in modern China and Central Africa stillferéo use herbal remedies to prevent or even
treat cancer, and to date, Chinese medicine remad®dy used. In spite of intensive investigation
of botanical resources, it is estimated that ortg®%o of the approximately 250,000 species of
higher plants have been systematically investigabeth chemically and pharmacologicdlly.
Moreover, several plant-derived anticancer agems i clinical use. The vinca alkaloids,

vinblastine {.1) and vincristine 1.2), isolated fromCatharanthus roseus, the Madagascar

11 1.2

periwinkle, are the earliest plant-derived anti@narugs in clinical us&. They are
antimicrotubule agents that have been widely ugéikat different kinds of cancer, including lung
cancer, breast cancer, testicular cancer, etcr, lptelitaxel {.3), also known as TaxBf, which is

also a mitotic inhibitor, was isolated from the laf Taxus brevifolia, and has been proven to be
effective in the treatment of breast cancer, luaigcer, and Kaposi's sarcoma (a tumor caused by

human herpesvirusf. Current research on paclitaxel is focusing ontteatment of later phase

2



advanced canceét.

1.3
Other plant-derived natural products, suchaesptothecin 1.4), isolated fronCamptotheca
acuminata,*? and podophyllotoxin1(7)*3, isolated from rhizomes dfodophyllum peltatum have
provided the precursors to the clinical drugs tepah {.5), irinotecan {.6),'* etoposide 1.8) and

teniposide 1.9)."

1.7 1.8 1.9

Besides plants, the marine environment is la sisurce of bioactive compounds, many of

which belong to totally novel families not discoeerin terrestrial sourcé$ Although very few
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compounds isolated from a marine source have gt developed as clinical drugs, many of them
have been tested as potential anticancer agentsigiinrvarious phases of clinical trials.
Ecteinascidin-743 1(10), known as trabectedin, was isolated originallpnir the tunicate
Ecteinascidia turbinate. Due to its encouraging antitumor activity indexin clinical tests, it was
approved by the European Union as an anticanceg dioutreat advanced or metastatic
non-gastrointestinal stromal tumor soft tissue@a (STS) in 200%" Halichondrin B {.11) is a
naturally-occurring compound originally isolatedrr the marine spondéalichondria okadai by
Hirata and Uemura in 1988.Its synthetic analogue Eribulin.(2) was approved by the U.S.
Food and Drug Administration on November 15, 200treat patients with metastatic breast

cancer who have received at least two prior cheerafly regimens for late-stage disese.

HN  OH o~

i,

1.12




It is conceded that natural-derived compoundsehmade great contributions to the
pharmaceutical industry and clinical use. Like adtmall anticancer drugs, they have great side
effects that cannot be ignored. For instance, \8hoe has salient neurotoxicity due to its
interaction with mitotic spindle®. Loss of appetite, nausea and vomiting always apeom the
treatment with paclitaxél: More importantly, lack of selectivity, being hawhto the immune
system and multi-drug resistance effects are thrgent problems confronting most of the current
anticancer drugs. There is, thus, a continuing tesdarch for the new anticancer compounds that

have selectivity and have little or no toxicityttee normal tissues or cells in the human body.

1.2 Malaria and Antimalarial Agentsfrom Natural Products

Malaria is a mosquito-borne infectious diseafs&lumans and other animals caused by
parasitic protozoans of the genusPlasmodium. The disease is widespread
in tropical and subtropical regions in a broad baadund the equator, including much
of Sub-Saharan Africa, Asia, and the Amefita.

Malaria remains one of the major infectiousedses that threaten human lives. According to
the latest estimates from the World Health Orgammna(WHO), there were about 219 million
cases of malaria and an estimated 660,000 deattmsriralaria in 2010, with about 90% of all of
these deaths occurring in Afriéa.

People started looking for anti-malarial agdrisn natural products in the t”l‘tentury, and
quinine (.13), isolated from the bark of the Cinchona tree, s first effective treatment

for malaria caused bylasmodium falciparum.?* It remained the main antimalarial drug of choice

5



until the 1940s, when chloroquin&.14) was discovered. Compared to quinine, chloroqisne
more effective in curing all forms of malaria witwer side effects> However, most strains of
falciparum malaria are now resistant to chloroquine. Othéinalarial agents such as mepacrine
(1.15) and mefloquinonel(16) were discovered afterwards, and the structuresl dhese drugs

share similar heterocyclic rings.

) -
N HN N HN N~ N
~ ~
N Cl N7 ol N N~ CF,4
CFs
1.14 1.15

1.13 1.16

In 1972, a new type of antimalarial agent arsemm (1.17) from the hexanes extract of the
traditional Chinese medicinal planfstemesia annua (Asteraceae) was discoverdd annua has
been used for the treatment of fever and malanecesiancient times. Artemisinin is a
sesquiterpene lactone peroxide. Unlike most otbeventional antimalarial agents, there is no
aromatic heterocyclic ring system in its structutevas found to be a superior plasmocidal and
blood schizontocidal agent without obvious sideetf when used to treat patiefit®ue to its
low solubility in both oil and water, poor bioawllity and rapid biotransformation, which
limited its effectivenes$, some semi-synthetic derivatives of artemisinin eveteveloped.
Semi-synthetic artemisinins are obtained from dibgdemisinin {.18), the main active
metabolite of artemisinin. The first generation eémi-synthetic artemisinins includes
artesunatel(19), a hydrophilic artemisinin, while artemeth&r2Q) and arteetherl(21) are the

oil soluble derivatives. Artemisoné.p2), a second-generation artemisinin, has been reghadot



have improved pharmacokinetic properties, includarmer half-life and lower toxicit§f So far,

artesunate is the derivative that is commonly tuisedhtimalarial combination therapy (ACT.

1.20 1.21 1.22

Although current anti-malarial drugs such asflogeinone analogué® and artemisinins
have achieved significant success in controllireyspread of the disease, malaria still remains a
burden to humanity due to increasing drug resigtamd the lack of multistage therapies to target
the complex life cycle of the parasit€sThe recent emergence of resistance to artemisirtime
Cambodia—Thailand border area is particularly thimgl?*> Therefore, there is a continuing interest
in looking for new anti-malarial drugs with lowegsistance to the parasite, while maintaining a

higher potency.

1.3 Dereplication and ItsApplication in Natural Product Research
1.3.1Dereplication and Hyphenated Techniques

Since the middle of the @entury, chromatography has played an importdatironatural
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products research, especially in the field of Bolaof new compounds. Later, the development of
multiple spectroscopies further enriched the method identification of these compounds.
Combining both techniques, the field of drug disagvencountered a big revolution, and
thousands of new bioactive compounds were idedtffem various plants, marine organisms, and
microorganism, etc. during the past 50 years. Hewesonventional natural products research,
including manual liquidliquid partition, open column chromatography, HPla@d MS and NMR
spectroscopy is a time-consuming process. In aohdithere is less chance to identify a totally new
compound, since the compounds discovered ofteerditdbm known ones only in minor ways in
many cases. Facing this challenging situation etlem@ growing interest in the development of
hyphenated techniques, which combine separatidmtdagies with NMR spectroscopy and MS.
Dereplication is an important method to preventagassary use of resources on the isolation of
known or undesirable compounds from extracts ifiedtiby the screening process, and it
emphasizes these hyphenated techniques due to tbewenience, power, time-saving,
effectiveness and so on. The time saved from tpmaach can be used to search for novel
bioactive compounds instead of repeating the lalbisrivork merely to discover known ones.

In the past 15 years, several hyphenated tqabaihave been developed for dereplication in
natural products research. £t®S, which is the most common one, has become alyidsed

tool >

With the development of diode array detectorss ipossible to get a compound’s UV
spectrum directly from HPLC chromatography. Meanghmass spectrometry, which is highly

sensitive (3100 ng is sufficient), can provide information abadilhe molecular weight

(Electrospray ionization) and fragmentation (Elestionization) of the compounds. Since the

8



nominal molecular weight can be used as a searelygu nearly all major databases, and
fragmentation patterns can give information onftmily of the compound, LEMS serves as a
rapid and significant method in dereplication. Hwer, information from MS can only provide a
preliminary structure and rarely results in a défie identification. In order to obtain more
information, considerable attention has been dakdb the coupling of HPLC and NMR,
regardless of the fact that NMR has much lower iseitg compared to MS. In the few last
decades, several changes have been made to NMRBilitate LC-NMR work, such as the use of
higher field magnets and digital signal processmgncrease sensitivity, and the design of new
probes, which allow the use of gradient pulse sece® to provide efficient and specific
suppression of the NMR signals due to the HPLC esuily, eté> After these improvements,
LC-NMR is now a powerful technique for structure etlation of unknown compounds in natural
product research. Some typical hyphenated techsithe have been used in dereplication are
discussed in detail below.
1.3.1.1LCNMR

There is a big difference in the principlesvadrk between traditional NMR and NMR
coupled with HPLC. In traditional NMR spectroscoplye sample is prepared in a deuterated
solvent, such asd®, CDCE, CD;0D, etc., and is transferred into a long cylindrd®IR tube at a
volume of about 0.5 mL. The tube is placed into MR probe within the magnet for
determination of the spectrum. However, for NMR gled with HPLC, normally, the sample
submitted for LENMR test is first injected into the HPLC, and ipaeated by a normal phase or

reverse phase column; after passing through-DIAD/PDA detector, the effluent flows into a
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polytetrafluoroethylene tube which is directly edirectly connected to the NMR probe. The
probe must thus be modified to allow continuousv/ftaf the solution under test, while some other
factors need to be considered, such as the pressivent, and volume of the cell within the NMR
coil, which may influence the sensitivity of the tin@d. The status of the fraction during the NMR
measurement divides the ERIMR into two different modes in real applicatioesntinuous-flow

LC-NMR and stopped-flow LENMR (shown inFig. 1.1).%

NMR probe

/Flow cell
it coil—&

Solvents

LC detector,
95%, (DAD)
LC pump <Split

5% MS/MS Fraction collector
or waste

LC-NMR interface for on-flow measuraments

 LC-NMR interface with valve for stopped-flow measurements |

| LC-NMR interface with storage loops for stoppad flow measurements |

Solid-phase-extraction unit for LC-SF‘E-NMHI

Figure 1.1 Different Hyphenated Techniques Used in Dereplicgi

(Reprinted with permission, Copyright © 2005, Jakitey & Sons, Ltd.)
1.3.1.1.1Continuous-flow LC—NMR
In continuous-flow mode, the HPLC components areasured by NMR continuously
without stopping the HPLC pump. This mode, compaoeeithe traditional approach, which needs
to collect the fraction from HPLC, dry it, add dexgted solvent, then test in NMR, is a much more
effective way to separate the compounds whilergpftiMR information at the same time. Thus, it

is a useful method to do a rapid screening withixture that contains major compounds. As a
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result of one injection, the data displayed wowddhe one similar to LEMS, since we can obtain
a two-dimensional timdrequency plot consisting of a set of one-dimernasi@pectra at specific
retention times. Normally, when applying traditibNBMR, a proton NMR spectrum may need 2.5
minutes for 64 scans while 1 hour or more is neddiedarbon NMR. In this case, a poor S/N ratio
of proton NMR spectra is obtained due to the lichitiene for the sample stay in tihiecoil, and
carbon NMR is not applicable in this mode. The omfy to improve this method is to slow down
the flow rate of the HPLC separation and allowftlaetion to stay in the probe for a longer time.
However, the slow flow rate of HPLC may affect geparation in the column. Another important
issue is when the solvent system of HPLC is gradrestead of isocratic, the spectra may change
as time goes, since the change of solvent leadsried chemical shifts of solvent protons, further
altering the whole chemical shift of the analytBsus, in continuous-flow mode of LBIMR, an
isocratic mobile phase is preferred rather tharadignt solvent system.
1.3.1.1.230pped-flow LC-NMR

In stopped-flow mode, a fraction is separatgcdHFPLC and detected by NMR, while the
solvent flow is stopped while the sample is indR flow cell. There are two major methods to
reach this goal. The first one is to use a valvliwitherf coil to control the flow of analytes, the
other one is to use a bunch of different samplpddo store the individual fractions obtained from
the HPLC column. In this way, fractions are givearentime to stay in thef coil for detection.
Since the time for stopping the pump can be cdetiahanually, there are more opportunities to
obtain good spectra as longer time as possibiddiition, carbon NMR or even 2D NMR, such as

H-H COSY may also be feasible in this case. The thihyg that is essential for this mode is to
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calculate the delay time, corresponding to the tiaggiired for transport of the fraction from the
UV detector of the HPLC to the optimal position it the flow-cell, as well as the time for the
analytes transported from the loops to the flow-sblen loops are used. However, for the valve
regulated stopped-flow modes, frequent stoppinth@pump may also influence the efficiency of
the separation, and thus samples with few majostdoents are preferred in this mode. For the
stopped-flow mode involving loops, NMR detectioways takes longer time than separation work
by HPLC. Although it is still time-consuming, goggectra can be obtained, and the automatic
system can prevent a great inconvenience compartedditional NMR.
1.3.1.2LC-NMR-MSMS

Since mass spectrometry has a higher sengiawitl only needs a very small amount of
sample for testing, it is entirely possible to cleup MS detector parallel to the NMR instrument
after obtaining the separated fraction from the BRlystem. The balance between the detectors
can be controlled by a splitter, and is usually 90 NMR detection and 5% for MS. Both
continuous-flow mode and stopped-flow mode-INDIR can be used, although in the stopped
mode, the MS is idle for most of time when the NMpectrometer is collecting data. In sum,
LC-NMR-MS/MS is a powerful technique, which can provide tioth NMR and MS information
about a compound with only one injection.
1.3.1.3LC-SPE-NMR

In order to further increase the sensitivity sohall amounts of sample, the solid phase
extraction technique was introduced into the-NMR system. The SPE (solid phase extraction)

cartridge, which is placed between the UV deteatud the NMR spectrometer, can absorb the
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diluted sample and filter out the solvent that wssd for separation. In this manner, it is possible
use the normal protonated solvent for separategandless of its effect on NMR sensitivity, since
deuterated solvent would be used to elute the safmpin the SPE cartridge for NMR detection.
The biggest advantage of ESPE-NMR is that solvent selection for HPLC is not setrieted
while diluted fractions can be concentrated toease their detectability by NMR. Other modes of
LC-NMR require the use of solvent suppression methods.

1.3.1.4A Comparison among Different Hyphenated Techniques

A summary of the pros and cons of different ei$ shown ifable 1.1 below.

Table 1.1 A Comparison among Different L&IMR Modes

LC-NMR | Advantages Disadvantages Preferred sample for test

Continuous (1) Effective and fast; (1) Low sensitivity, and poor S/N' a mixture that contains

flow mode | (2) Especially useful for sampleratio due to time limitations; major compounds
screening. (2) Gradient solvent system for

HPLC may affect NMR;
(3) Carbon NMR is not applicable

Valve (1) Allows more time to test the(1) Frequent stopping of the pumpa sample with few major
stopped sample in NMR, thus givingmay affect the efficiency of constituents
mode better spectra(2) 2D NMR is ' separation(2) Need to calculate

feasible the delay time.
Loops (1) Allows more time to test the(1) Needs a relatively longer time No preference for sample,
stopped sample in NMR, thus give gocdo finish the whole task2) Need ' just need time to finish.
mode spectraf2) 2D NMR is to calculate two types of delay

feasible;(3) Pump is not time;

stopped, separation work is no{3) Wash loops as routine work

greatly affected.
Coupling Provides NMR and MS MS may stay idle for a long time No preference of sample
with MS information about the when the valve stopped mode is

compounds simultaneously | used
Coupling | (1) Less restrictions on the Relatively expensive to buy the = Especially good for dilute
with SPE | solvent system used in HPLC; cartridges which may be samples

(2) increased sensitivity by | disposable.

concentrating samples
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1.3.2Applications of Hyphenated Techniques

In order to identify the bioactive acetogeniompounds from natural products by the
dereplication approach, LAPCI-MS was applied by Gu and coworkers, and four new
compounds were discovered froRollinia mucosa, along with 36 known onéeé. Although
LC-NMR and related techniques have not been appliedétogenin compounds, a great many
other bioactive compounds have been discoveretidsetpowerful methods, as discussed below.
1.3.2.1LC— (valve stopped) NMR-MSMS

Bobzin and coworkers applied ERMR-MS/MS to identify bioactive compounds from a
marine spong@aptos sp. whose crude extract show a high activityrfibrbiting a specific enzyme
activity.> A Varian Unity INOVA 500 MHz spectrometer equippedth *H (**C) pulsed field
gradient LG-NMR flow probe with a 6QuL flow cell was used in these experimeritd. NMR
spectra were obtained in valve stopped flow mooeesHPLC chromatography indicated well
resolved peaks. WET solvent suppression technigees used to suppress signals from the HPLC
solvent acetonitrile, it$°C satellites, and the residual water. In the chtography conditions,
D,O was used as the other agueous component of Menssystem, and the eluent from the
HPLC column was split into two, 5% flowed into thiass spectrometer, while 95% was directed
through a UV detector and then through the-N¥R flow probe.

At 10.3 min, the LEMS spectrum indicated the molecular weight of tlaetion was 228.25.
After comparison with a database, candidate comg®uwvere suggested to be aaptosine,
aaptamine or paragracine. However, the spectruairaat from the LENMR (Fig. 1.2) revealed

four coupled signals and one singlet in the ararratjion, and two large singlets at 3.83 and 3.97
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ppm, suggesting that paragracine, which has onty dinglet protons, could be eliminated. On
further analysis, the compound was assigned asm@aap, instead of aaptosine, based on the
chemical shift of the aromatic proton. All threegs in aaptosine are aromatic, while only one ring
in aaptamine is; thus, the proton of aaptamineha dromatic region would be relatively less
deshielded than the proton of aaptosine, as coefirny the NMR spectrum.

This is a good example to show the advantagewpling the LENMR with MS. Since MS
can only provide information about the molecularghand suggest candidates that are consistent
with it, NMR data provide additional information dhe structure, thus further eliminating
incorrect ones while keeping the correct one. la éxample, all of the compounds were known
compounds, and combining the use of-IMS and LC-NMR accelerated the whole speed of

separation and structural elucidation, and prewktite unnecessary process of the conventional

approach.
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Figure 1.2 The Application of LENMR-MS/MS to Obtain Aaptosirie

A. Three compounds shared the same molecular weif28.25 suggested by E®IS
B. The'H NMR spectrum of aapatamine.
(Reprinted with permission, Copyright © 2000, Socfer Industrial Microbiology)
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1.3.2.2LC-SPE-NMR and LC-DAD ES -MS

Gao and coworkers applied tEPE-NMR and LC-DAD-ESHMS to identify the cytotoxic
compounds from toad venom Bufo melanosticus.®® Toad venom has been widely used to treat
heart failure, sores, and pains in China and réc@ntdifferent types of cancer. From the venom,
sterols, bufogenins and bufotoxins have been isdlaiowever, due to its broad activity, the types
of compounds that are responsible for the caneatrtrent were still unknown. In Gao’s study,
LC-MS analyses were performed on an UltiMate 3000 RSk&tem, with a DAD detector
coupled to the ESI lontrap mass spectromete:IFE-NMR was performed on a Bruker BioSpin
LC-SPE-NMR (600 Hz). According to the HPLC chromatograhng 1.3), the major peaks had
been identified as known compounds, such as hejtin, a 14-hydroxy steroid, whose
molecular weight is 416.51, confirmed by tKS. However, there was no correlated structural
information about the small peaks-@), which showed high cytotoxicity, revealed by M&T
test. Due to the small amounts of peak6 presented, SPE was employed to trap and contentra
the samples, in preparation for NMR analysis. Afitertrapped peaks were dried with nitrogen gas,
30 uL of acetonitrileds was used to elute the SPE cartridge and the etliezdtly flowed to the
NMR probe for testing. SPEC-NMR system is similar to the loop stopped mode, taedHPLC
pump thus did not need to be stopped, and theidrectollected from HPLC were placed in a
queue forH and**C NMR analysis.

LC-ESFMS was applied to get the molecular weights, whvene 499, 497, 483, 483, 483,
and 475 Da respectively for compounti®6-1.31, corresponding to the peaks-@l in the

chromatogram. A loss of 80 Da in the fragmentagiatierns, indicated an S@roups, was present
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in compoundd.26-1.30, suggesting they may be bufadienolide sulfatek different functional
groups attached. From ¢H NMR, the resonances & 7.29 (d,J = 2.6 Hz, 1H), 7.86 (dd] =
9.8, 2.6 Hz, 1H), and 6.18 (d,= 9.8 Hz, 1H) showed the characteristic featuresnoef-pyrone
ring, confirming the bufadienolide structure. Ferttanalysis of LE®*C NMR and LG-MS

spectrum indicated the presence of additional fanat groups.
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Figure 1.3 The Application of LESPENMR and LG-DAD-ESFMS®*®
A HPLC chromatogram of MeOH extract from toad venom
B Bufadienolide sulfate compounds discovered in to&atbm
(Reprinted with permission, Copyright © 2010, Angari Chemical Society)

In this example, the SPE cartridge was usetbtwentrate the small amount of sample in

order to get high resolution NMR spectra and atsallow enough time for NMR analysis. In
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contrast to the continuous-flow modéC NMR and 2D NMR are applicable in this situation.
Meanwhile, by introduction of SPE, the problem d?PlLC solvent interference with NMR was
solved, since the HPLC solvent was replaced withwterated one for NMR analysis. Through the
LC-MS and LCG-NMR method, hellebrigenin, which is a known compaunas quickly detected,
while 5 unknown bufadienolide sulfates compoundevidentified at the same time. In this study,
LC-MS and LCGCNMR were separated; combining both techniques to kema

LC-DAD-ESFMS-SPE-NMR would give an even higher efficiency.

1.4ThelCBG Program and IHVR Project
1.4.1The ICBG Program

As stated, plants provide a major source of bigaatiatural products. The tropical rain and
dry forests of the world contain a vast variety ppants, some of which have not yet been
identified, and therefore, hold the potential foe drug discovery. However, as the economies of
developing countries change, these forests arg@uksaing at a rapid speed, to make way for
agriculture and to provide timber for construction.

Based on this background, the Internationalg@oative Biodiversity Group program (ICBG)
was started in 1992 to promote drug discovery aiodli\ersity conservation via economic
development in developing countries. The objectofdkis program are to discover new drugs and
to share any benefits with host countries if a dasgliscovered from their biological resources. It
is currently jointly funded by the National Instés of Health (NIH), the National Science

Foundation (NSF), Department of Agriculture (USDM®gpartment of Energy (DOE) and the
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National Oceanic and Atmospheric Administration (N&) of USA.*

As a part of the ICBG program since 1993, thegkton Group from Virginia Tech has been
collaborating with the Centre National de Recher©lceanographique (CNRO), Centre National
de Recherche pour I'Environmente (CNRE) and Cdxatonal d'Application des Recherches
Pharmaceutiques (CNARP) from Madagascar, as wethasMissouri Botanical Garden and
Eisai Inc. The group focused on isolation and $tmat elucidation of anti-cancer and antimalarial

compounds from the tropical plants of Madagasbarfourth biggest island in the world.

1.4.2The IHVR Project

The detail of this project will be discussecirapter 5.

1.5 Objectives

This dissertation will emphasize the discovaoyel antiproliferative and antiplasmodial
agents from the tropical forests of Madagascar @GG#ants) and South Africa (IHVR plants).

The research involves the isolation and strattelucidation of bioactive compounds from
the various plant extracts. Bioassay guided separaand modern analytical techniques,
including 1D and 2D NMR, LEMS, UV, IR, optical rotation and circular dichroisf@D), etc.
were the major methods applied in the whole proeedihe A2780 human ovarian cancer cell
line was the antiproliferative assay used mostueady, and the A2058 melanoma and the H522
lung cancer cell lines were used as secondary fssHye Dd2 drug-resistant strain of

Plasmodium falciparum was the only parasite that was used in the arginalassay.
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After isolating the bioactive compounds, sorhéhe structures may still be ambiguous, thus
the chemical modification methods, including Moshesster, acid/base hydrolysis, and total
synthesis, were used in facilitating the structetatidation as a complement to spectroscopy.

Novelty and bioactivity are the two importaritacacteristics of the compounds that were
emphasized. Thus, when a novel compound was isolaidh low bioactivity, the structure
activity relationship study was applied to look filwe most potent compound with a similar
skeleton.

The detailed research work is discussed irfidl@ving chapters.
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Chapter 2:  Antiproliferative Acetogenins from a Uvaria sp. from the

Madagascar Dry Forest

This chapter is a slightly expanded versiora gfublished article. (Dai, Y.; Harinantenaina,
L.; Brodie, P. J.; Callmander, M. W.; RandrianaiW,, Rakotonandrasana, S.; Rakotobe, E.;
Rasamison, V. E.; Shen, Y.; TenDyke, K.; Suh, E; Kingston, D. G. |. Antiproliferative
acetogenins from Bvaria sp.from the Madagascar dry foredt.Nat. Prod2011, 75, 479-483.)
Attributions of co-authors of the articles are ddsed as follows in the order of the names listed.
The author of this dissertation (Mr. Yumin Dai) doicted the isolation and structural elucidation
part of the titled compounds, and drafted the mamyis Dr. Liva Harinantenaina was a mentor
for this work, and in particular, he provided invable advice and hints for the structural
elucidation of the compounds, and he also proofrd@dmanuscript before submission. Ms.
Peggy Brodie performed the A2780 bioassay on thiatisd fractions and compounds. Dr. Martin
W. Callmander and Dr. Richard Randrianaivo from $disgri Botanical Garden did the plant
collections and identification. Dr. Stephan Raketorasana, Dr. Etienne Rakotobe and Dr.
Vincent E. Rasamison from Madagascar carried oatititial plant extraction. Dr. Yongchun
Shen, Dr. Karen TenDyke, and Dr. Edward M. Suh frigisai Inc. performed the A2058 and
H522 bioassays on the compounds isolated. Dr. D@vid Kingston was a mentor for this work
and the corresponding author for the publishedtlartHe provided critical suggestions for this

work and edited the final manuscript.
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2.1 Introduction

As part of the Kingston group's engagement in darihational Cooperative Biodiversity
Group (ICBG) program, it has focused on searchorgahtiproliferative natural products from
both tropical dry forests and rain forests in Makr. As a part of this research, an EtOH extract
from the aerial parts of Bvaria sp.(Annonaceae) from the dry forest of northern Madaga
exhibited modest antiproliferative activity agaitts# A2780 human ovarian cancer cell line, with
an 1Gso value of 20ug/mL Compounds of the Annonaceae family are wetivian for their broad
range of bioactivity, including immunosuppressiagtimalarial, insecticidal, antifeedant, and
antitumor activitie$.®> The genusUvaria has been investigated extensively, with over 300
references in the chemical and biological literatuand the chemical constituents W¥aria
species have been summarized in two revfeWBhe genusvariais also one of only seven of the
120 genera of the Annonaceae family known to predigetogenin®and uvaricin 2.1), the first
example of these compounds, was isolated fromoibis ofUvaria accuminataDliv. by Joladet al

in 1982°

0 OH
g

o 21

Although the genu$lvaria has been well investigated, no work has been danéis new
species. Atotal of seventeBwaria species are currently known in Madagascar, aneéelesmain
to be describetf This extract was thus selected for bioassay gufctionation to isolate its

active com ponents.
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2.2 Results and Discussion
2.2.11solation of Active Compounds

Bioassay guided separation, including ligtiiguid partition, LH-20 size exclusion, silica gel
normal-phase and;greverse-phase chromatography was used to obifwthnew acetogenins
uvaricin A @.1) and uvaricin B 2.2) with modest antiproliferative activity against AZ¥8varian
cancer cells Scheme 2.1). Herein, we report the structural elucidation adtiproliferative

properties of the two isolates.

Uvaricin B 2.3)

Figure 2.1 Chemical Structure of Compoung® and2.3
2.2.2Structure Elucidation of Compoura®
Uvaricin A, [0]*5 +23(c 0.12, MeOH), was isolated as a white wax-likedsolihe positive
ion HR-ESHMS of uvaricin A revealed a quasi-molecular ionkpatm/z623.4908 [M+H] and
adduct ions am/z 640.5147 [M+NH]" and 645.4726 [M+N4] corresponding to a molecular
formula of G7HeO7. The presence of a carbonyl absorption at 1747 ianits IR spectrum, a UV

absorption at 210 nm (MeOHH NMR signals aty 6.98 (H-35), 4.98 (H-36) and 0.88 (H-34),
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MG 3532
A2780 2000.0
>20
‘ 90:10 MeOH:H,0

60:40 MeOH:H,0O

Hexanes CH,CI, MeOH:H,0
Mass (mg) 567.7 200.0 1280.0
ICs0 (1g/mL) >20 20 >20
‘ LH-20 CH,Cly: MeOH = 1:1
| | |
1 2 3 4
Mass (mg) 28.9 105.8 20.9 28.6
ICso (g/mL) >20 6.9 19 >20

’ Silica Gel cc, hexanes: EtOAC = 4:1

2.1 2.2 2.3 2.4 25 2.6 2.7
Mass (mg) 0.2 1.8 5.0 0.2 0.6 71.0 10.6
ICs0 (1g/mL)  >20 >20 >20 >20 >20 55 >20

C4g cc, MeOH: H,O =90:10 ’

2.6.1 2.6.2 263 264 2.6.5 26.6 26.7
Mass (mg) 30.2 5.2 2.1 9.5 30.2 14.7 12.6
ICsp (1g/mL)  >20 5.8 3.7 2.1 4.3 >20 >20
Cig HPLC, MeOH: H,0 = 85115 _ |
| | | | |
C D E F H J
Mass (mg) 0.89 1.35 1.28 0.67 4.25 2.02
ICsp (rg/mL) >20 8.8 6.0 3.7 4.0 5.5

maAll

Scheme 2.1 Bioassay Guided Separation of the Extract Olvaria sp.
and HPLC Chromatogram of fii@at 2.6.5.
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and™*C NMR resonances & 174.2 (C-1), 149.1 (C-35), 134.6 (C-2), 77.6 (Q;2®d 19.4 (C-37)
are all characteristic spectroscopic features foethylated:, f-unsaturateg-lactone ring Table
2.1).** 2 This structure was confirmed by three bond HMB@#elations observed between H-35
and C-1 and between H-35 and C-37, as well as twol BiIMBC correlations between H-35 and
C-2 and between H-36 and C-37, as showhign 2.2. In addition, the presence of three hydroxy
functionalities in2.2 was evident from the IR absorption at 3376 'crand the*C NMR
resonances @ 74.3 (C-21), 72.1 (C-8) and 71.6 (C-12). The pmeseof abis-THF ring system
with two flanking OH groups was suggested by the f8C NMR resonances &t 83.5, 83.0, 82.8,
and 82.5, which were correlated to the proton sga@y 3.79-3.93 (5H) in the HMQC spectrum
in the same way as described for similar structti@be presence of the THF ring was confirmed
by the HMBC correlations between C-13 and H-16. dhe-bondH-'°C correlations detected in
the HMQC spectrum, along with the observed multpad*H-"*C correlations in the HMBC
spectrum, permitted the assignment of the carbgnats atoc 74.4 and 71.6 to the carbons
adjacent to the THF rings at C-12 and C-21, respsygt with the proton signals at 3.39 andiy
3.87. The presence of a third hydroxy group in higdrocarbon chain was suggested by the

resonances at; 3.60 andic 72.1.

HMBC /~ X\ cosy ¥~ \

Figure 2.2 HMBC and COSY Correlations of Compou2@
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Table 2.1 NMR Spectroscopic Data f@&2 and2.3 in CDCl; (500 MHz)

2.2

2.3

position

1l4a
14b
15a
15b
16a
16b
17a
17b
18a
18b
19a
19b
20a
20b
21a
21b
22
23
24
25
26-31
32
33
34
35
36
37

oy (Jin Hz)

1.54m
1.25m
1.25m
1.39-1.42m
3.60m
1.39-1.42 m
1.25m
1.39-1.42 m
3.87m
3.83m
1.62m
1.87m
1.62m
1.87m
3.93m

391m

1.60 m
1.97m
1.60 m
1.97m
3.84m

3.39m

1.39-1.42 m
1.25m
1.25m
1.25m
1.25m
1.25m
1.25m

0.88 t (6.8)

6.98 td (1.6, 1.
4.98 qdd (6.8, 1.6, 1.6)

1.41, d (6.8)

2.26 tdd (7.2, 1.6, 1.6)
2.26 tdd (7.2, 1.6, 1.6)

6)

de. type

174.2, C

134.6, C
25.1, €H

27.6, CH
29.6-29.9, CH
25.4, CH
37.7,Ch
72.1, CH
37.4,Ch
22.2, CH
32.7,Ch
71.6, CH
83.0, CH

28.6, CH

29.1, CH

82.5, CH

82.8, CH

29.1, CH

28.6, CH

83.5, CH

74.4, CH

33.5,CH
25.9, CH
29.6-29.9, CH
29.6-29.9, CH
29.6-29.9, CH
32.1,CH
22.8, CH
14.3, CH
149.1, CH
77.6, CH
19.4, CH

on (Jin Hz)

1.65m
3.60m
1.39m
1.48 m
1.26 m
1.26 m
1.26 m
1.26 m
1.48 m
1.41m
3.86m

3.83m

1.67m
1.82m
1.67m
1.82m
3.93m

391m

1.61 m
1.95m

1.61 m
1.95m
3.84m
3.37m
1.41m
1.48 m
1.26 m
1.26 m
1.26 m

0.86 t (6.8)

2.37 did (15.2, 7.6,1.6)
2.51 dtd (15.2, 769, 1.

7.05 td (1.6, 1.6)
5.01 qd (6.8, 1.6)

1.40 d (6.8)

de. type
174.0, C
133.9, C
21.6, GH

35.4, Chl
70.9, CH
37.6, Chi
26.1, CHi

29.6-29.8, CH

29.6-29.8, CH
29.6-29.8, CH
29.6-29.8, CH
25.6, €H
32.5, €H
71.4, CH

82.9, CH

28.4, CH

29.0, CH

82.4,CH

82.6, CH

29.1, CH

29.4, CH

83.3, CH
74.2, CH
33.5, Chi
25.7, Chi

29.6-29.8, CH
32.00, CH
22.8, CH
14.2, CH
149.3, CH
77.7, CH
19.3, CH

31



The locations of the THF rings and the third hygrgxoup on the hydrocarbon chain were
determined by analysis of 1D NMR, HMBC, HMQC, an@&Y spectroscopic data, and further
confirmed by analysis of EMS fragmentation. As illustrated iRig. 2.2, in the vicinity of the
THF moiety, the chemical shift at 22.2 ppm in tf@ NMR spectrum was assigned to C-10 by the
observation of an HMBC long-range correlation betweél-12 §y 3.87) and C-100¢ 22.2). The
third hydroxy group was then assigned to C-8 byptiesence of HMBC correlations between H-9
and C-10, and H-8 and C-9, as well as the COSY loaupf H-9 and H-8. Meanwhile, at the end
containing the lactone ring, the presence of argerybearing methine at C-8 could be confirmed
by the HMBC correlations between H-9 and C-7, Hi8 €-7, H-7 and C-6, H-4 and C-6, H-4 and
C-3, H-3 and C-5, and H-3 and C-35, as well as &€ 0Cross-peak between H-4 and H-5. The

number of carbons between the THF rings and thierlaaing was therefore restricted to ten.

-H,0 -CO,
> (409) — 391 —> 347

-HQO —H20 —C02
265 =—— (283) = — (269) — 251 — 207

— 167

OH OH HO o070

-H-,0O -CO
195 <~—— (213) =—— L »(339) 3295

-HQO 20 -HZO
399 = 417 = 435 ‘H— (455) ——
-2

Figure 2.3 EI-MS Fragmentation of Compoura
The planar structure was further supported by tredysis of EIMS fragmentation. Intense

fragment ions were observedatz399, 347, 295, and 207. As showrfig. 2.3, the ion ain/z295
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is most probably formed hy-cleavage between the two THF rings, followed tsslof CQ from

the lactone. Aless intense ioma#tz265 can be explained by a simitacleavage followed by loss
of H,O. The ion am/z399 is most probably due tecleavage adjacent to the C-8 hydroxy group,
followed by loss of HO and H to give a weak ion ah/z435, and then successive losses £ kb
give ions am/z417 and 399. The ion at/z207 must be formed hy-cleavage between C-12 and
C-13 followed by loss of kD to give an ion ain/z251, which then loses GOFinally, the ion at
m/z347 is most probably formed loycleavage between C-20 and C-21, followed by 16$4$,0

to give an ion am/z391, followed by loss of COAlthough these fragmentations have not been
proved unambiguously, they are consistent withrfraigtations observed for similar acetogenins,
and they fully support the assigned structdrie. particular, the unusual loss o§® accompanied

by H, has been observed befdre.

S* S S* R

Figure 2.4 HMBC and COSY Correlation difis THF Rings of Compound.2
The relative configurations around this-THF rings were determined by analysis of the data
from the'H NMR spectrum and comparison with literature dataig. 2.4, the chemical shifts at

on 3.39 (H-21) and 3.84 (H-20) indicated thtandS* relative configurations of C-20 and C-21,
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while theS* andR* relative configurations were deduced for C-12 @Atl3 and for C-16 and C-17,
due to the similarity of the chemical shift of H-@ 3.87) and H-134, 3.83), and H-16d&; 3.93)
and H-17 §4 3.91)*% *"The methylene protons H-18 and H-19 were assi¢gmsifnals aby 1.60
and 1.97, based on COSY correlations between HagOHa21, H-19 and H-20, and H-18 and
H-17, combined with HMBC coupling between H-19 &ddl7. The difference between these
chemical shifts indicated @ans stereochemistry for the C-17/C-20 THF rifigln the same
manner, arans configuration was assigned to the C-13/C-16 THig based on the divergent
chemical shifts aby 1.62 and 1.87 for H-14 and H-15From the above evidence, the relative
configuration around thieis- THF rings was concluded to B¢-R*-R*-S*-S*-S* for C-12, C-13,
C-16, C-17, C-20 and C-21lth¢eo-trans-erythro-trans-erythro configuration). The absolute
configuration of C-36 was determined by electramicular dichroism spectroscopic analysis. The
negative R Cotton effect 4 = —1.13) at 238 nm and a positizer’ Cotton effect ¢ = 8.79) at
208 nm, clearly indicated & configuration at this stereogenic center (C-36hm lactone ring.
The absolute configurations of the two hydroxy gr®adjacent to the THF rings were determined
by Mosher ester methodologyusing the R)-MPA and §)-MPA derivative&® and the “in NMR
tube” method* As shown inFig. 2.5, theAdy (= ds— dr) was negative on both chain sides and
positive along the THF rings, indicatin§ configurations at both C-12 and C-#1The
configuration of C-8 could not be determined duthtonegativédy values displayed by both H-7

and H-9 on the hydrocarbon chain.
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---------- S+++++ S-- 2-—-—-+4+++ 8

' o l

+0.009 +0.010

-0.008 l l -0.008 -0.008 +0.010

OHT T OH To g
+0.015 +0.011 +0.011
Figure 2.5 0y (= 0s— or) Data of R) and §—-MPA Derivatives of Compoung.2

Overall, the structure of compound 2.2 was concluded to be

(59-3-((109-6,10-dihydroxy-10-((R,2'S5R,5'S)-5-((§-1-hydroxytetradecyl)octahydro-[2,2'-bif

uran]-5-yl)decyl)-5-methylfuran-2¢3)-one. (The numbering is shown below)

2.2.3Structure Elucidation of Compourad3

Uvaricin B, [o] *p +18(c 0.12, MeOH), was also isolated as a white wax-tikéd. The
positive ion HRESHMS of uvaricin B revealed a quasi-molecular ionkp@am/z 623.4908
[M+H]* and adduct ions ah/z640.5147 [M+NH]" and 645.4713 [M+N4] corresponding to a
molecular formula of gzHgeO7. The NMR spectroscopic, IR and UV data of compo2Bdvere
very similar to those of compourigi2. As with compound2.2, the typical absorptions of a
methylateds,f-unsaturateg-lactone ring in its IR and UV spectra and digs THF ring system
with two flanking OH groups in th&H and**C NMR spectrawere observedT@ble 2.1). These
structures were also confirmed by the long-rangeBi@\orrelations as shown kig. 2.6. A third

hydroxy group was also present in the hydrocarliaing as indicated by NMR signalsdat3.60
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andoc 70.9.

Figure 2.6. HMBC Correlations of Compourizi2

The locations of the THF rings and of the third toxy group on the hydrocarbon chain were
determined by analysis of the 1D NMR, HMBC, HMQG)daCOSY spectra, and further
confirmed by analysis of EMS fragmentations. As illustrated Fig. 2.6, two diastereotopic
protons §y 2.37/2.51) were assigned te-Bl based on HMBC correlations between H-3 and C-1,
H-3 and C-2, and H-35 and C-3. The presence of BBEl long-range coupling between a
methylene carbon ai- 21.5 ppm and H-3, as well as its connected pr¢égnl.65) and C-2,
confirmed the assignment of this methylene carlio@-4. The adjacent oxygen bearing carbon
was located at C-5 by the presence of HMBC coimlatbetween H-4 and C-5, and H-3 and C-5.
Hydroxylation at C-5 was confirmed by comparing themical shift of H-35 with those of other
acetogenins of the same molecular formula with twgigroups at C-4, C-5, C-6, C-12 or C-15.
As previously reported, the chemical shift of H-B6C-5 hydroxylated acetogenirmich as

3. 24is always more shielde@®y 7.05) than with C-4

narumicin | @.4) and calamistrin F25)
hydroxylated acetogenins, such as bullata2if, (v.35 7.16) and squamotacif.{, dy.ss 7.17)%
Its chemical shift is however deshielded compargd thie corresponding protons of acetogenins

without a hydroxy group near the lactone ring, sasthe C-12 hydroxylated acetogenin, folianin

B (2.8, dn.35 6.98f* and the C-15 hydroxylated acetogenin, guanacodeff9, dy.35 6.98)%°
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Acetogenins with a hydroxy group at C-5 could bstidguished from C-6 hydroxylated

acetogenins by their divergent chemical shift &,Hdbeit sharing similaf.ss values®

0
5 ~/ "
0 07 4
OH HO OH
2.5
o)
OH YO
O\\ o\ 4 X
st - 35
OH OH
2.6
o)
OH YO
O O DX
2 35
OH OH
2.7

29

Analysis of the E¥MS fragmentation supported the above structure fillggnent ions an/z

155 and 135 are consistent with the conclusionttiethird hydroxy group is connected to C-5,
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while the fragment ions at/z437, 367, 355, and 267 and their subsequent dauigimis indicated

that thebis-THF rings and the two flanking hydroxy groups keated between C-14 and C-23

(Fig. 2.7).
-H,0 -H, -H20
—> 437 417 415 397
_H2
-HQO 'H2 _H2O
367 347 345 327

-H,
'HQO
—= 267 — 249

o %
\/\/W o) ‘ o S \/\/\/\/J\/jj>

HO HO 0% 0

185 =-—

-HQO 'H2 -HQO 'HZO
315 333 335 (355) =— (155) —=135

-H,

Figure 2.7 EI-MS Fragmentation of Compour®.

RN

S* St S* R* R* S*

Figure 2.8 HMBC and COSY Correlation difiss THF Rings of Compound.3

The relative configurations around tiie-THF rings were determined by examination of the
data from proton NMR spectra and comparison todlioshe literature. As shown kig. 2.8, the
'H NMR chemical shifts around tHeis THF rings for compoun@.3 were similar to those of

compound2.2, and the relative configurations were thereformgeed asS*—R*—R*-S*-S*-S*
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for C-14, C-15, C-17, C-18, C-22 and C-2Br¢o-trans—erythro-trans—erythro configuration).
The CD spectrum o2.3 revealed a negative-n Cotton effect ¢ = -1.15 ) at 238 nm and a
positiven—r Cotton effect 4¢ = 9.64) at 208 nm, indicating &configuration at the stereogenic
center (C-36) in the lactone rinyThe absolute configurations of the three secondémyhols
were determined by Mosher ester methodology irsémee way as fd.2. As depicted irFig. 2.9,
theAdy (= ds— Jr) is negative on the chain side and positive towénd THF rings, indicating tt&
configuration of both C-14 and C-33The positive values for H-3 and H-4 and negatisleies for

H-6 to H-8 indicated af configuration for C-5.

--------- S+++++ §=-=-=-=-=-= S++++ S
' } ! l
+0.019 +0.017

-0.011 l l -0.011 +0.013

OHT T OH T T 0”0
+0.028 +0.028 -0.011 +0.033

Figure 2.9 oy (= ds— dr) Data of R) and §—MPA Derivatives of Compound.3.

Overall, the  structure of compound23 was concluded to be
(59-3-((3R,129-3,12-dihydroxy-12-((R,2'S5R,5'S)-5'-((9-1-hydroxydodecyl)octahydro-[2,2'-b

ifuran]-5-yl)dodecyl)-5-methylfuran-2{%)-one. (The numbering is shown below)
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2.2.4Antiproliferative Activities of the Isolated Compmis.

Uvaricin A (2.2) and B R.3) were tested for antiproliferative activity agdirtee A2780
ovarian cancer, the A2058 melanoma, and the H522 ¢ancer cell linesT@ble 2.2).

Both compounds showed modest inhibition offake cell lines, with Ig values in the low
micromolar range. Several hundred acetogenins bege identified from these plants, but not all
of them have antiproliferative activity. Accordirtig previous studies of the structueetivity
relationships of acetogenins, the relative sterewgstry of the THF rings and the positions of the
hydroxy groups on the hydrocarbon chains have feiginit influence on their activities. The
threo-cis-threo-cis—erythro configuration was described as the most potent rsuipg of
acetogenins withis THF rings®’ as an example, rolliniastatin-1 has ag&lue of 0.7 x 10uM
against SW480 human colon cancer c&llfn addition, the presence of two hydroxy groups
adjacent to the THF rings is necessary for potembitory effects. The moderate cytotoxicity of
uvaricins A and B can thus be explained by theestdremistry of thbis- THF rings flanked by the
two hydroxy groups, whose configuration is diffarémom that of rolliniastatin-1. The modest
antiproliferative activity of may also be due tcetmumber and the location of the hydroxy

groups>> *°

Table 2.2 Antiproliferative Activities of Compound2.2 and2.3

1Cs0 (LM)

Compound  A2780 A2058 H522
2.2 6.4+0.8 6.6 >3.3,<10
2.3 8.8+x14 7.2  >3.3,<10

Paclitaxel 0.02+ 0.003 ND ND
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2.3 Experimental Section
2.3.1General Experimental Procedures.

Optical rotations were recorded on a JASCO P-2af)@rimeter. UV and IR spectroscopic
data were measured on a Shimadzu UV-1201 spect@pleter and a MIDAC M-series FTIR
spectrophotometer, respectively. CD spectra wetamdd on a JASCO J-815 Circular Dichroism
spectrometer. NMR spectra were recorded irg@MD or CDC} on either JEOL Eclipse 500 or
Bruker Avance 600 spectrometers. The chemical stafe given ind (ppm), and coupling
constantsJ) are reported in Hz. Mass spectra were obtaineahofigilent 6220 LETOFMS in
the positive ion mode. HPLC was performed on a @diea LC-10AT instrument with a

semi-preparative {g Varian Dynamax column (dm, 250 x 10 mm).

2.3.2Antiproliferative Bioassay

The A2780 ovarian cancer cell line assay wafopeed by Ms. Peggy Brodie at Virginia
Polytechnic Institute and State University. In bras previously reported, “Human ovarian cancer
cells (A2780) grown to 95% confluency were harveséed resuspended in growth medium
(RPMI1640 supplemented with 10% fetal bovine semmd 2 mML-glutamine). Cells were
counted using a hemacytometer and a solution eontaR.5 x16 cells per mL was prepared in
growth media. Eleven columns of a 96 well micretiplate were seeded with 192 of cell
suspension per well, and the remaining column @oathmedia only (one hundred percent
inhibition control). The plate was incubated foh8urs at 37 °C/5% Cf{o allow the cells to

adhere to the wells. Following this incubation,gratal cytotoxic agents, prepared in DMSO, were
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added to the wells in an appropriate series of eotnations, JuL per well. One column of wells
was left with no inhibitor (zero percent inhibiti@ontrol), and 4 dilutions of a known compound
(paclitaxel or actinomycin) was included as a pesitontrol. The plate was incubated for 2 days
at 37 °C/5% Cg then the media gently shaken from the wells apdaced with reaction media
(supplemented growth medium containing 1% Alamarelgland incubated for another 3 hours.
The level of alamarBlue converted to a fluoresaampound by living cells was then analyzed
using a Cytofluor Series 4000 plate reader (Persegiosystems) with an excitation wavelength
of 530 nm, an emission wavelength of 590 nm, am@a45. The percent inhibition of cell growth
was calculated using the zero percent and one bdnmhrcent controls present on the plate, and an
ICs0 value (concentration of cytotoxic agent which proes 50% inhibition) was calculated using
a linear extrapolation of the data which lie eitegte of the 50% inhibition level. Samples were
analyzed in triplicate on at least two separateasions to produce a reliablesiGralue® The

A2780 cell line is a drug sensitive ovarian carumt line

VARYING CONCENTRATIONS OF POSITIVE CONTROL :

SAMPLE (ugimL) PLUS CELLS CEI‘_LS, MEDIA, ACTINOMYCIN D
n L Q Glen
: 1 Q o|o
125 —1—QD @] O
_ RPMI MEDIUM
oa2s ——Q g O & 10% FBS
007813 ——(Q) Ol O
001953 — L L) ol O
000488 — L. olo
0.00122 ———+) olo
91 O

NEGATIVE CONTROL :
CELLS, MEDIA

- Tumor cells incubated for 48 hours
- Media replaced with 1% Alamar Blue solution
- % inhibition calculated using fluorescence

Scheme 2.2 A2780 assay: 96vell Plate Template
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2.3.3Plant Material

A sample of the above-ground partdJefaria sp.was collected in July 2005. The collected
plant was a liana with immature yellowish greertfrand probably represents a new species still to
be described® The collection was made in dry degraded evergheeradleaf forest near
Betsimiranjana, in the Ambilobe region of Madagasaa coordinates 13°02'35"S 049°09'15"E.
Voucher specimens have been deposited at the RdaniBue and Zoologique de Tsimbazaza
(TAN), at the Centre National d’Application des Remches Pharmaceutiques in Antananarivo,
Madagascar (CNARP), the Missouri Botanical GarderSi. Louis, Missouri (MO), and the
Muséum National d’Histoire Naturelle in Paris, Fear{P), voucher Stéphan Rakotonandrasana et

al. 923.

2.3.4Extraction and Isolation

Dried aerial parts dfivaria sp.(250 g) were ground in a hammer mill, then extgdatith
EtOH by percolation for 24 h at room temperaturgit@ the crude extract MG 3352 (24.9 g), of
which 6.9 g was shipped to Virginia Tech for biaasguided isolation. A 1.0 g sample of MG
3352 (IGp 20.0 png/mL) was suspended in aqueous MeOH (MeQi&YH9:1, 100 mL), and
extracted with hexanes (3 x 100 mL portions). Tépgeaus layer was then diluted to 60% MeOH
(v/v) with H,O and extracted with Ci€l, (3 x 150 mL portions). The hexanes fraction was
evaporated in vacuo to leave 567 mg of materiah Wilsp > 20 ug/mL. The residue from the
CH,ClI; fraction (200 mg) had an égof 20pug/mL, and the remaining aqueous MeOH fraction had

an 1G> 20ug/mL. LH-20 size exclusion open column chromatogyapf the CHCI, fraction
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was used to obtain four fractions, of which the haxgive fraction (106 mg) had ans®f 6.9
pug/mL. This fraction was then applied to a silicd gelumn with elution by a gradient of
hexanes/EtOAc, 9:1, 4:1, and 0:1 to give four fad, of which the 100% EtOAc fraction (71.0
mg) was the most active (#65.5ug/mL). A Cig open column was employed for further separation,
eluted by 90% MeOH to give 8 fractions, and the tnactive one (16, 4.3ug/mL) was separated
by C;s HPLC on a column that had previously seen an anmamonodifier with the solvent system
MeOH/H,0O, 85:15 and a flow rate of 2 mL/min. This yield®eb active compounds, with g

values of 4.0 and 54o0g/mL, and with elution times of 28.3 and 35.0 nmagpectively.

2.3.5Preparation of the (R)yand (SHMPA Ester Derivatives &.2 and2.3.

In a 25-mL round-bottom flask, 5.00 rRg(-)-a-methoxyphenylacetic acidRj—MPA) were
dissolved in 5 mL CkCl, and 15 mg oxalyl chloride. Several drops of dingtimamide were
added to the reaction system as a catalyst. Tlotarga were mixed with a magnetic stir bar in an
ice bath for 1 h to obtain 4.98 mB)tMPA chloride (91% yield). The in-NMR tube reactioas
carried out to prepare the MPA ester derivatf’éEhe selected acetogenin (0.2 mg) dissolved in
CDCl; was transferred to a clean NMR tube and the sblvas completely evaporatedR)tMPA
chloride (0.5 mg) was dissolved in CR@.5 mL) and added to the NMR tube immediatelyarnd
an N gas flow, and the NMR tube was shaken carefullynt® the acetogenin andR}-MPA
chloride. The reaction NMR tube was kept at roomgerature under Nor 6 hours to form the
(R)-MPA ester and was then analyzed 1y NMR spectroscopy. TheS-MPA ester of the

acetogenin was prepared fro8(MPA by the same method.
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2.3.6. (5S5)-3-((10S)-6,10-dihydroxy-10-((2R,2'S,5R,5'S|$)-1-hydroxytetradecyl)octahydro-
[2,2'-bifuran]-5-yl)decyl)-5-methylfuran-2(5H)-or@varicin A, 2.2).

White wax-like solid; ¢]p** +23 (¢ 0.12, MeOH); UV (MeOH}umax (€) 210 (2.60); IRvmax
cm™: 3376, 2920, 1748, 1466, 1027 tmH NMR (500 MHz, CDCJ), and™*C NMR (125 MHz,

CDCl), seeTable 2.1; HR-ESHMS m/z645.4726 [M+Nal] (calc. for G/HeeNaO;", 645.4701).

2.3.7 (55)-3-((3R,12S)-3,12-dihydroxy-12-((2R,2'S,5R;5"%(S)-1-hydroxydodecyl)octahydro-
[2,2'-bifuran]-5-yl)dodecyl)-5-methylfuran-2(5H)-en(Uvaricin B,2.3).

White wax-like solid; ¢]o**+18 (c 0.12, MeOH); UV (MeOH}max (€) 210 (2.20); IRVmax
cm™: 3449, 2923, 1753, 1460, 1024 tmH NMR (500 MHz, CDCJ), and™*C NMR (125 MHz,

CDCl), seeTable 2.1; HR-ESHMS m/z645.4713 [M+Nal] (calc. for G/HeeNaO;", 645.4701).
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Chapter 3: Isolation and Synthesis of Antiproliferative Calamenene-type

Sesquiter penoids from Sterculia tavia from the Madagascar Rain Forest

This chapter is a slightly expanded versiora gfublished article. (Dai, Y.; Harinantenaina,
L.; Brodie, P. J.; Callmander, M. W.; Randrianas@q Rakotobe, E.; Rasamison, V. E.; Kingston,
D. G. I. Isolation and synthesis of two antipral#gve calamenene-type sesquiterpenoids from
Serculia tavia from the Madagascar rain foreg®ioorg. Med. Chem. 2012, 20, 6940-6944.)
Attributions of co-authors of the articles are d#éssd as follows in the order of the names listed.
The author of this dissertation (Mr. Yumin Dai) doicted the isolation and structural elucidation
part of the titled compounds, and drafted the mamyis Dr. Liva Harinantenaina was a mentor
for this work, and in particular, he provided invable advice and hints for the structural
elucidation of that compound, and he also proofréeed manuscript before submission. Ms.
Peggy Brodie performed the A2780 bioassay on thlatisd fractions and compounds. Dr. Martin
W. Callmander and Dr. Sennen Randrianasolo fromsdig Botanical Garden did the plant
collections and identification. Dr. Etienne Rakatolnd Dr. Vincent E. Rasamison from
Madagascar carried out the initial plant extractidn David G. I. Kingston was a mentor for this
work and the corresponding author for the publisheitle. He provided critical suggestions for

this work and edited the final version of the manmips.

3.1 Introduction

Discovering antiproliferative natural produfrtsm both tropical dry forests and rainforests of
Madagascar has been one of the objectives of aupdr involvement for more than 15 years in

the International Cooperative Biodiversity GroupBIG) progrant:> As a part of this research, an
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EtOH extract from the bark oBerculia tavia (Malvaceae) from the rain forest of northern
Madagascar was found to exhibit antiproliferativaivaty against the A2780 human ovarian
cancer cell line, with an Kg value of 14ug/mL. The Malvaceae family is a family of flowering
plants containing over 200 genera with close tO@ &ecie§.Qerculia, one of the largest genera
of this family, is a rich source of alkaloids, saps and flavonoid glycosides, which are
well-known for their broad range of bioactivitycinding antimicrobial, antifungal, insecticidal,
cytotoxic,  antioxidant, and  anti-inflammatory  adii;s among  other§®
2n-(octylcycloprope-enyl)octanoic acid 31) and taraxer-14-en-3-ol (3.2) listed are two
examples of bioactive compounds isolated from #reugSerculia. Although the genuSerculia
has been well investigated, the present specaglismic to Madagascar and has not been explored
for its phytochemical compositioand biological activity. The EtOH extract 8ftavia was thus

selected for bioassay guided fractionation to tsois antiproliferative components.

341

3.2 Results and Discussion

3.2.1lsolation of Active Compounds

3.5

Figure 3.1 Chemical Structure of Compoun8¢-3.5

The EtOH extract of the bark part of theavia was subjected to liquidiquid partitioning to
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give an active CkCI, fraction with an 1Gy value of 9.6ug/mL. Bioassay guided separation,

including LH-20 size exclusion, normal-phase silggd chromatography, and§$xeverse-phase

HPLC, was used to obtain the known cadinane-typgusterpenoid mansonong), and the two

new calamenene-type sesquiterpenoids designatadnt#v(3.4) and epi-tavinin A (3.5) as the

major antiproliferative constituents of the extré8theme 3.1). Herein, we report the structural

elucidation and synthesis of the two new compounds.

22780 MG 3352
1400
14
| 90:10 MeOH:H,0
60:40 MeOH:H,0O
Mass (mg) Hexanes CH,Cl, MeOH:H,0
ICsp (Mg/mL) 498 214 824
15 9.6 >20
| LH-20 CH,Clp: MeOH = 1:1
| | | |
1 2 3 4
Mass (mg) 112 67.7 51.4 16.8
ICs0 (Hg/mL) 71 3.7 5.3 10.3
| Silica Gel cc, hexanes: EtOAC = 7:3
2.1 2.2 2.3 2.4 25 26 2.7
Mass (mg) 2.3 45 13.8 6.2 26.2 8.0 6.2
ICso (Mg/mL) 3.9 >20 3.3 4.2 2.9 11 >20
Cjyg HPLC, MeOH: H,0 gradient |
A B C D E F G
Mass (mg) 0.5 0.7 0.8 5.6 1.0 2.4 10.0
ICso (Mg/mL)  >20 1.7 1.9 17 2.7 18 2.9
A B C D E F G
0-30 min 70-80%: 30-35 min 80%-100%.

EEsEEEEEEEEE:

280

/\4

N

35-60 min ..

3435

3.3

Scheme 3.1 Bioassay Guided Separation of the Extrac&erfculia tavia

and HPLC Chromatogram of Fraction 2.5

53



3.2.28ructure Elucidation of Compound 3.3

Compound 3.3 was identified as the cadinane-type sesquiterpenoid mansonone G
(6-hydroxy-5-isopropyl-3,8-dimethyl-naphthalene-tljdne) by comparison of its physical and
11,12

spectroscopic data with those reported in thedlitee.

Table 3.1 NMR Spectroscopic Data f@&4 and3.5 in acetoneds (600 MHz)

3.4 3.5
position on (Jin Hz) dc,” type Sn (Jin Hz) 5cd, type
1 - 73.8,C - 74.7,C
2 - 204.0, C - 208.2, C
3 - 196.7, C - 200.7, C
4 - 88.9,C - 91.2,C
5 7.64 s 127.8, CH 7.68 s 128.1, CH
6 - 116.7, C - 116.9, C
7 - 162.9,C - 163.2, C
8 7.37s 107.4, CH 7.33s 108.0, C
9 - 1453, C - 144 .8, C
10 - 123.1,C - 122.8,C
11 2.52 sept 36.1, CH 2.35 sept 35.6, CH
12 0.67 d (6.7) 15.4,GH  0.81d (6.7) 15.6, CH
13 0.88 d (6.7) 15.9,GH  0.90d (6.7) 16.2, CH
14 1.62s 28.1, CH 1.86s 27.4, CEl
15 2.27s 15.1, CH 2.27s 15.1, CH
16 4.04 s 55.5, CH 4.05s 55.5, CH

®The™C NMR spectral data were generated from gHSQC &tMRBC spectra.
3.2.3Sructure Elucidation of Compound 3.4

Tavinin A @.4), [¢] ?p +15(c 0.12, MeOH), was isolated as a light yellow d#. positive ion
HR-ESHMS revealed quasi-molecular ion peaks293.1399 [M+H] and 315.1194 [M+N4]
corresponding to a molecular formula ofg&,00s with seven degrees of unsaturation. Based on
the similarity of the NMR spectral data 8% and those of compouriél3, compound3.4 was
identified as a sesquiterpenoigith a similar carbon skeleton. The six aromdfic NMR
resonancesic 162.9, 145.3, 127.8, 123.1, 116.7 and 107.4, #sawéhe two singlet signal§#ble
3.1) observed in the aromatic regiaf its'H NMR spectrum d 7.64 and 7.37) revealed the

presence of a tetrasubstituted benzene ring withpmetons located in theara-position!® The
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presence of two deshielded carbon signal&&04.0 and 196.7, as well as the compound’s IR
absorption max = 1659 cnit), indicated the presence of two hydrogen-bondeolors/l groups in
the structure. Since the benzene ring and two ocgitlgyroups contribute four and two degrees of
unsaturation, respectively, the remaining one vgaggaed to a ring. The above data indicated that
the basic skeleton 84 was that of an oxygenated calamenene-type segugiitgid’* The methyl
proton signal located at; 2.27 and the methoxy protondt4.04 (both singletsyere assignable

to a C-6 methyl carboand to the carbon of a C-7 methoxyl group of thezkee ring.This
assignment was supported by HMBC correlatidng.(3.2) between H-15&; 2.27) and C-7&¢
162.9) and the C-5 methine carbasit (127.8), and between H-16(4.04) and C-7. An
oxygen-bearing quaternary carboiz 88.9, C-4) was determined to be attached to Cflfeo
benzene ring(dc 123.1) due the presence ofBHMBC crosspeak between the methine proton at
H-5 and C-4The’H NMR spectrum exhibited resonancesa0.67 (d,J = 6.7 Hz, H-12) and
0.88 (d,J = 6.7 Hz, H-13)for the two methyl groups of an isopropyl groupd dhese showed
COSY correlations with a methine protorvat2.52 (sept) = 6.7 Hz, H-11).

77N

HMBC

7N

cosy

Figure 3.2 HMBC, COSY, and NOESY Correlations of Compoian
The 3J HMBC correlation between the protons of one of thmublet methyl groups
(H-12/H-13) and the carbon é¢ 88.9 allowed us to determine the connection of the ispyr

unit to be at C-4. Moreover, tHfd HMBC correlation observed between the protonsat.62
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(H-14) and C-1, théJ HMBC crosspeaks between H-14 and G359 ¥45.3) and between H-14
and one carbonyl carbon & 204.0 (C-2), as well as thd HMBC correlations between the
septet methine proton (H-11) and the carboratl96.7 (C-3) allowed us to determine the
location of a second oxygen-bearing quaternaryara: 73.8) and the two carbonyl carbons to
be at C-1, C-2 and C-3, respectively. The relatwefiguration of3.4 (Fig. 3.2) as well as the
assignment of the aromatic methyl and methoxy ggdopC-6 and C-7 respectively, rather than
the reverse, was deduced by the interpretatioheofésults of the 1D NOE-difference experiment.
When the H-14 protongy 1.62) were irradiated, only the signalsat 7.37 (H-8) was amplified
(1.23%). Similarly, irradiation of H-115( 2.52) only enhanced the aromatic signals,af7.64

(H-5) by 3.18%.

3.2.4Sructure Elucidation of Compound 3.3

The second compound isolategi; Tavinin A (3.5), [o] *’5+8(c 0.12, MeOH) had the same
molecular formula (@GH200s) as 3.4 by interpretation of its HRESFMS data. The NMR
spectroscopic data of compouB8 were very similar to those 8f4 except for théH chemical
shifts of H-11, H-12, H-13 and H-14. Compour@ld and 3.5 were thus assigned as a pair of
diastereomers differing in one of their two stemmug centers (C-1 and C-4)The relative
configuration of3.5 was determined in the same manner as th&tdofFig. 3.3). Irradiation of
H-14 in a 1D NOE-difference experiment enhancedstbeals ofooth H-8 and H-11 by 1.32%
and 1.35%, respectively, indicatingya relationship between the methyl and isopropyl geoun
3.5. Based on these observations, the relative cardiguns of C-1 and C-4 of compouBd! were

assigned aB* andR* while those of C-1 and C-4 8f5 were assigned & and R*.
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Figure 3.3 HMBC, COSY, and NOESY Correlations of Compolgl

3.2.59ynthesis of Compound 3.4 and Compound 3.5

The structures of compoun8g! and3.5 were confirmed by synthesiSagheme 3.2). The
synthesis initially followed McCormick's method ftive synthesis of lacinilene C methyl ether
(3.12) from 2-methylanisolé> The literature procedure was modified by runnting Grignard
reaction to convert the known ketoest®®6 into 5-isopropyl-5-(4-methoxy-3-methylphenyl)-
dihydrofuran-2-one3.8) at low temperature, which increased the yiel®.8ffrom 20% to 42%
and of the reduction byprodu8f7 from 23% to 30%. Dihydrofuranorg&8 was then converted to
cycloalkened.9, diol 3.10, and ketone8.11 as previously describéd,except that conversion of
3.10 to 3.11 was carried out using the sulfur trioxide pyridioemplex instead of the Swern
oxidation originally used® Oxidation of the carbon-carbon double bond of coumu3.11 to
triol 3.15 could not be accomplished directly with osmiunrdeide in the presence of
N-methylmorpholineN-oxide (NMO) because of the electron deficient ratwf the
a,f-unsaturated double bond. The ket@h&2 was thus reduced to alcoh®l13' by Luche
reductiort’ in a yield of 90%. The product appeared to corist single compound as judged by
HPLC and by the presence of only one singlet fa2 kit its '"H NMR spectrum, presumably

because the orientation of the hydride ion attaak governed by complexation of the borohydride
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with the adjacent C-1 hydroxy group. OxidatiorBdf3 with osmium tetroxiden the presence of
N-methylmorpholineN-oxide afforded tetraol3.14 as a mixture of stereoisomers. Without
separation of this mixture, the tetraBl44 were further oxidized by the sulfur trioxide pynei
complexto give a mixture of four diones as two pairs chrtiomers in the relatively low yield of
23%. The diones were separated by HPLC to affonthgyic racemi®.4 and synthetic racemic
3.5. The structures of the natural products isolateteveonfirmed by comparison of th&it NMR,

UV spectrometric and HRESFMS data with those of their synthetic counterparts.

COEt
\
L oo 0 — O e,
three steps
3.6 3.7 3.8 3.9

3.14 rac-3.4 rac-3.5 3.15

Conditions: a. (CH3),CHMgCI, THF, —15 °C, 1 h, 42%; b. 2% OsQ,4, NMO, CH,Cl,, RT, 48 h, 75%; c. SO3-pyridine
complex, CH,Cl,, 0°C, 2 h, 92%; d. DDQ, benzene, reflux, 24 h, 58%; e. NaBH,, CeCl;7H,0, RT, 5 min, 90%. f.
2% Os0O4, NMO, CH,Cl,, RT, 48 h; g. SO5-pyridine complex, CH,Cl,, 0°C, 2 h, 13% (rac-3.4) 10% (rac-3.5).

Scheme 3.2 Synthesis of Compoun@®s4 and3.5
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3.2.6Antiproliferative Activity of the Isolated Compounds and Synthetic Intermediates.

The isolated tavinin A3(4) and epi-tavinin A (3.5), the synthetic compoundsac-3.4 and
rac-3.5 as well as the intermediates involved in the sgtitiroute were tested for antiproliferative
activity against the A2780 ovarian cancer. As tisteTable 3.2, both natural product4 and3.5
showed modest inhibition of the A2780 ovarian camedis, with IG values of 5.5 and 6.4M,
respectively. The synthetic compoundac-3.4 and rac-3.5 had identical values within
experimental error, indicating that bioactivityriet dependent on stereochemistry in this series.
Among the synthetic intermediates, only lacinil€henethyl ether3.12, ICso value of 4.0uM)
was of comparable potency to the natural produbes;other calamenene-type sesquiterpenoid
intermediates were less active or inactive. Thetoyic activity of compoun@.12 may be due to
the presence of anp-unsaturated ketone function in the molecule; syrclups are electrophilic
and are able to bind to receptors, leading todaeactions with protein thiols, and ultimately to

induction of apoptosi&¥

Table 3.2 Cytotoxicity of Compoun@®.3-3.5 and Synthetic Intermediat89-3.14 against A2780

Ovarian Cancer Cells.

Compound 3.3 3.4 35 Rac3.4 Rac3.5 Paclitaxel
1Cs0 (M) 10£09 55+0.9 6.7+03 59+0.7 6.3+0.4 0.028 +0.003
Compound 3.9 3.10 311 3.12 3.13 3.14
ICs0(1M) >50 >50 34+£2 40+£05 22+3 36+3

3.3 Experimental Section
3.3.1General Experimental Procedures.

Optical rotations were recorded on a JASCO @03fblarimeter. IR spectroscopic data were
measured on a MIDAC M-series FTIR spectrophotometdR spectra were recorded in

acetoneds or CDC} on Bruker Avance 500 or Bruker Avance 600 specttens. The chemical
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shifts are given i (ppm), and coupling constantd) @re reported in Hz. Mass spectra were

obtained on an Agilent 6220 ECOFMS in the positive ion mode.

3.3.2Antiproliferative Bioassay
Antiproliferative activities were obtained air§inia Tech against the drug-sensitive A2780

human ovarian cancer cell liHeas previously describéd.

3.3.3Plant Material

A sample of the bark parts 8krculia tavia was collected in October 2005. The sample was
collected from a tree 24 meters high, with yelldwseeds and light brown fruits. The collection
was made in the rainforest 8 km from Ankijabe, e tDaraina region of Madagascar, at
coordinates 13°16'12"S 049°36'40"E and elevatiohr1Voucher specimens have been deposited
at the Parc Botanique and Zoologique de TsimbaiZadd), at the Centre National d’Application
des Recherches Pharmaceutiques in Antananariveaddadar (CNARP), the Missouri Botanical
Garden in St. Louis, Missouri (MO), and the MuséMational d’Histoire Naturelle in Paris,

France (P), voucher Sennen Randrianasolo et al. 533

3.3.4Extraction and Isolation

Dried bark parts db tavia (252 g) were ground in a hammer mill, then extdatith EtOH
by percolation for 24 h at room temperature to ghescrude extract MG 3532 (5.2 g), of which
1.42 g was shipped to Virginia Tech for bioassaied isolation. A 1.4 g sample of MG 3532
(ICs014 ng/mL) was suspended in aqueous MeOH (MeGiYHD:1, 100 mL), and extracted with

hexanes (3 x 100 mL portions). The aqueous laysrtiven diluted to 60% MeOH (v/v) with,B
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and extracted with C¥l, (3 x 150 mL portions). The hexanes fraction was evapdra vacuo to
leave 498 mg of material with ég= 15 pug/mL. The residue from the GBI, fraction (214 mg)
had an 1Gy of 9.6 ug/mL, and the remaining aqueous MeOH fraction hadGa, > 20 ug/mL.
LH-20 size exclusion open column chromatography ATKMMeOH, 1:1) of the CHELCI; fraction
was used to obtain six fractions, of which the mast active fractions F3 (67.7 mg) and F4 (51.4
mgq) had 1@ values of 5.9 and 48/mL, respectively. Fraction F4 was then applied sdica gel
column with elution by hexanes/EtOAc, 7:3 to giwventeen fractions, of which fraction F2-4
(2.3 mg) was the most active ¢i3.7ug/mL), and yielded compour®i3 (1.5 mg, 1Gp 2.5ug/mL)

on chromatography on;&HPLC with elution by 85% MeOH in water, with theteéntion time of
14.9 minute. Fraction F3 was also applied to aaijel column with elution by hexanes/EtOAC,
4:1 to give six fractions, of which fraction F2-B6(2 mg) was the most active §§2.7 ug/mL).
Compounds.4 (0.32 mg, 1Gy 1.7ug/mL) and3.5 (0.28 mg, 1Go 1.9pg/mL), with retention times
of 14.7 and 15.2 minutes, respectively, were obthiny using ¢ HPLC eluted by 70% MeOH in

H20O to purify fraction F2-5.

3.3.5 (1R4R)-1,4-dihydroxy-1-isopropyl-6-methoxy-4,7-dimethylnaphthal ene-2,3(1H,4H)-dione
(3.4, Tavinin A)

Light yellow oil; [a] o >*+15 (¢ 0.12, MeOH); UV (MeOH)umax (€) 207 (3.20), 232 (2.35), 280
(1.62); IRvmaxCcm'*: 3418, 2926, 1659, 1463, 1052 tmH NMR (600 MHz, acetones), and**C
NMR spectra (125 MHz, acetong), seeTable 3.1; HR-ESFMS nmvz 315.1194 [M+Nal] (calc.

for CiH20NaQs", 315.1203).
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3.3.6 (1R,49)-1,4-dihydroxy-1-isopropyl-6-methoxy-4,7-dimethyl naphthal ene-2,3(1H,4H)-dione
(3.5, Epi-Tavinin A)

Light yellow oil; [o]p 2 +8 (¢ 0.12, MeOH); UV (MeOH}max (€) 207 (3.20), 232 (2.35), 280
(1.62); IRvmaxCcm' % 3432, 2932, 1671, 1459, 1078 ¢mH NMR (600 MHz, acetones), and>*C
NMR spectra (125 MHz, acetomig), seeTable 3.1; HR-ESFMS nvz 315.1201 [M+Nal] (calc.

for C16H20Na05+, 3151203)

3.3.79ynthesis of 4-hydroxy-4-(4-methoxy-3-methyl phenyl )-5-methyl hexanoic acid lactone (3.8)
KetoesteB.6?° (500 mg) was dissolved in 50 mL of THF, and thieitson cooled to-15°C.
Isopropylmagnesium chloride (1.5 mL of a 2.0 M $ioln in THF) was added during a 15 min
period. After stirring for 2 h, the mixture waselliunder reduced pressure, and 50 mL of saturated
NH,4CI solution was added. The aqueous solution wasebed with 50 mL ED three times, and
the extracts were washed with saturated NaCl swiutiried over Ng&5Os and concentrated to
afford 468 mg brown oil, which was refluxed togethvith 500 mg KOH in 100 mL 95% EtOH for
4 h. The EtOH was removed from the mixture undéuced pressure, 100 mL of water was added,
and the resulting mixture was extracted three timigéls 50 mL E$O. The aqueous portion was
acidified to pH 1 with HCI and stirred at rt foh2 The acidified solution was extracted three times
by another 50 mL of D, and the ethereal potion was washed with satlifdggCO; and NaCl
solution, respectively, dried by B0, and concentrated under reduced pressure to aff#ang)
of a yellow oil. Chromatographic purification ofeftrude lactone (50 g of silica gel; eluted with
hexanes/EtOAc, 7:3) afforded 167 mg (20%) of cormpbB.8 (R: 0.56, silica gel TLC,
hexanes/EtOAc, 7:3) and 140 mg (42%) of compoBmd(R: 0.40). The NMR and mass

spectrometric data were consistent with the datarted”®
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3.3.8 Yynthesis of 1,2,3,4-tetrahydro-1,2-dihydroxy-4-isopropyl-7-methoxy-1,6-dimethyl-
naphthal enes (3.10)

This compound was prepared from 4-hydroxy-4agthoxy-3-methylphenyl)-5-methyl-
hexanoic acid lacton@) in four steps as previously described; its spectpi data matched the

literature data®

3.3.99ynthesis of I-Hydroxy-4-isopropyl-7-methoxy- 1,6-dimethyl-2-naphthal enone (3.12).

Diol mixture3.10 (50 mg) was dissolved in 50 mL of GEl, and the solution cooled ta’G.
Sulfur trioxide pyridine complex (150.6 mg) was addo the solution during a 5 min period. After
stirring for 2 h, 50 mL of saturated M2O; solution was added, and the layers were separbibed.
aqueous layer was extracted with 50 mL of,CH three times, and the combined organic layers
were washed with saturated NaCl solution, driedr N&SO, and concentrated under reduced
pressure to afford 45.3 mg of ketoBell as a yellow oil. The crude ketone and 56.6 mg
dichlorodicyanobenzoquinone were stirred in 50 rhhenzene for 24 h at room temperature, after
which the solvent was evaporated under reducedymesThe resulting oil was purified by column
chromatography (50 g of silica gel; eluted with &wees/EtOAc, 3:2) to give 28.9 mg (58%) of
compound3.12 (R 0.40, hexanes/EtOAc, 3:2). The NMR and mass speetnic data were

consistent with the reported ddta.

3.3.10Synthesis of 4-1sopropyl-7-methoxy-1,6-dimethyl-1,2-dihydronaphthalene-1,2-diol (3.13)
Compound3.12 (26.0 mg) was dissolved in 25 mL of 0.4 mM metHen@eCk7H,O at
room temperature, and 1 equivalent of NaB818 mg) was added to the solution. After stirriog

5 min, the mixture was dried under reduced pressadissolved in 25 mL of water and extracted
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three times with 25 mL of Ci€l,. The organic portion was washed with saturated|Safition,
dried over NgSO, and concentrated under reduced pressure. Theingslitht yellow oil was
purified by column chromatography (50 g of silica;gluted with hexanes/EtOAc, 3:2) to afford
23.7 mg (90%) of solid did®.13. The product appeared to consist of a single camg@s judged
by HPLC and by the presence of only one singletfér in its'H NMR spectrum. HRESHMS,
m/z 285.1472 [M+Nal] (calc. for GeH2oNaO;*, 285.1461)*H NMR (CDCh) o 7.12 (H-8, s, 1H),
7.06 (H-5, s, 1H), 5.56 (H-3, br s, 1H), 4.48 (Hs2s, 1H), 3.86 (H-16, s, 3H), 2.87 (H-11, sept,
= 6.7 Hz, 1H), 2.19 (H-15, s, 3H), 1.30 (H-14, ) 31.19 (H-12, dJ = 6.7 Hz, 3H), 1.06 (H-13, d,
J=6.7 Hz, 3H)*C-NMR (CDC}) 6c 157.5 (C-7, C), 142.6 (C-4, C), 142.2 (C-9, C), 22AE-5,
CH), 125.2 (C-10, C), 125.2 (C-6, C), 121.7 (C-Bl)C105.7 (C-8, CH), 77.1 (C-2, CH), 77.0 (C-1,
C), 55.7 (C-16, Ch), 28.2 (C-11, CH); 22.7 (C-14, GH21.6 (C-12, Ch), 20.8 (C-13, Ch), 16.4

(C-15, CH).

3.3.11 Synthesis of 1,4-Dihydroxy-1-isopropyl-6-methoxy-4,7-dimethylnaphthal ene-2,3-diones
rac-3.4 and rac-3.5.

Diol 3.13 (22.0 mg) was dissolved in 6 mL of acetone andn2Z.5f water and the solution
cooled to-25 °C. N-methylmorpholineN-oxide (0.05 mL of a 50% solution in water) and il
of 2% osmium tetroxide aqueous solution were thaéded under nitrogen. The mixture was
allowed to warm to room temperature and stirrecafoadditional 48 h, and then 50 mg ob8&®,
was added. The acetone was removed under reduessupe, the pH was adjusted to 2 by HCI,
and the solution was extracted with 20 mL fCH three times. The combined extracts were
washed with saturated NaCl solution, dried by®@, and concentrated under reduced pressure to

afford product3.14 as a light brown oil. The crude product was oxedidirectly with sulfur
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trioxide pyridine complex as described in the sgsth of compound.12 above. The resulting 6.6
mg of light brown oil was applied to,gHPLC and eluted by 68% MeOH in water to afford 3@
(13%) of light yellow oil (ac-3.4) and 2.5 mg (10%) of light yellow oitdc-3.5), at retention times

of 19.5 and 20.7 min, respectively. The NMR andsisgectrometric data of both compounds were

identical to those of the corresponding naturatpots.
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Chapter 4: Antiproliferative Triterpene Saponins from Nematostylis

anthophylla from the Madagascar Rain Forest

This chapter is a slightly expanded versiora gfublished article. (Dai, Y.; Harinantenaina,
L.; Brodie, P. J.; Birkinshaw, C.; Randrianaivo; Rpplequist, W.; Ratsimbason, M.; Rasamison,
V. E.; Shen, Y.; TenDyke, K.; Kingston, D. G. |. dvantiproliferative triterpene saponins from
Nematostylis anthophyllzom the highlands of central Madagascznem. Biodivers2013, 10,
233-240.) Attributions of co-authors of the articleg atescribed as follows in the order of the
names listed. The author of this dissertation (Mumin Dai) conducted the isolation and
structural elucidation part of the titled compoundsd drafted the manuscript. Dr. Liva
Harinantenaina was a mentor for this work, andartigular, he provided invaluable advice and
hints for the structural elucidation of those commpd, and he also proofread the manuscript
before submission. Ms. Peggy Brodie performed tA@é88 bioassay on the isolated fractions and
compounds. Dr. Chris Birkinshaw, Dr. Richard Raadaivo, and Dr. Wendy Applequist from
Missouri Botanical Garden did the plant collectiaml identification. Dr. Michel Ratsimbason
and Dr. Vincent E. Rasamison from Madagascar ahroet the initial plant extraction. Dr.
Yongchun Shen, Dr. Karen TenDyke, and Dr. EdwardSvh from Eisai Inc. performed the
A2058 and H522 bioassays on the compounds isol&tedavid G. I. Kingston was a mentor
for this work and the corresponding author for thblished article. He provided critical

suggestions for this work and edited the final nsanipt’
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4.1 Introduction

As part of our engagement in an Internationabg&rative Biodiversity Group (ICBG)
program, we are focusing on the search for antiprative natural products from both the tropical
dry forests and the rainforests of Madagastarhe A2780 human ovarian cancer cell line is used
as the primary screen because it is a relativelgigee cell line and gives reproducible results. A
a part of this research, an EtOH extract from thets of Nematostylis anthophyllRubiaceae)
from the dry forest of northern Madagascar exhibaatiproliferative activity against the A2780
cell line, with an 1Gy value of 6.ug/mL. The Rubiaceae family is a large family of @&hera and
about 13,000 species found worldwideThis family is a rich source of indole alkaloids,
terpenoids and anthraquinones, all of which ard-kredwn for their broad range of bioactivity,
including antimicrobial, antimalarial, antidiabetiwasorelaxant, cytotoxic, antioxidant, and
anti-inflammatory activitesamong other$™*® Nauclearorine 4.1), virdiflorol (4.2) and
geranylacetone4(3) listed are the examples of bioactive compoundigied from the Rubiaceae
family. SinceNematostyligs one of the many genera of the Rubiaceae faimél have not been
systematically investigated for their phytochemiacamposition, the ethanol extract of
Nematostylisanthophylla was selected for bioassaguided fractionation to isolate its active

components.

4.2 4.3
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4.2 Results and Discussion
4.2.11solation of Active Compounds

An EtOH extract of the roots dematostylis anthophyllavas subjected to liquidiquid
partitioning to give an active-BuOH fraction with an 16, value of 2.2ug/ml. Bioassayguided
separation $cheme 4.1), including LH-20 size exclusion, HP-20 diaion and silica gel
normal-phase chromatography, was used to obtage thew bioactive compounds comprising the
known triterpene saponin randianid.4) and the two new related glycosides designated
2"-O-acetylrandianin 4.5) and 6"O-acetylrandianin 4.6). Herein, we report the structural

elucidation and antiproliferative properties of th@® new isolates.

G 4657
6.9

| 90:10 MeOH:H,0

‘ 60:40 MeOH:H,0

Hexanes CH,Cl, MeOH:H,0
131 166 |
>20 7.7 |
| n-BuOH H,O
LH-20 CH,Cl,: MeOH = 1:1 249 370
T T T T ] 20 >20
| HP-20 MeOH: H,0 gradient
1 2 3 4 5 6
172 403 169 13.8 14.1 182 | j
15 2.0 14 >20 >20 >20 40% 70% 100% MeOH
- 294 125 100
‘ Silica Gel cc, CHCl3: MeOH = 9:1 520 >20 29
] | | | | | Silica Gel cc, CHCI3: MeOH = 6:1 ‘

28 29 210 211 212 213 L
10 12 08 48 05 11 R | | |

>20 >20 20 10 19 17 1 2 3 4 S 6 7 8
10 10 26 18 27 24 63 52
T 62 15 42 20 34 14 19 25

4.5 44 4.6

Scheme 4.1 Bioassay Guided Separation of the Extradtlematostylis anthophylla

(The first number under each fraction is the weighmhg,and the second number is the IC50 valubef2780 cells inung/mL )

71



HO—e

RZO \ HO/&/
HO-\——0
H&/O 3

2 1"
OR;
Compound R4 R,
4.4 H H
4.5 Ac H
4.6 H Ac

Figure 4.1 Chemical Structure of Compoundgl-4.6

4.2.2Structure Elucidation of Compoudd4
Compound 4.4 was identified as randianin (oleanolic acid-39-4-D-glucopyranosyl-
(1->3)-4-D-glucopyranoside) by comparison of its chemical apdctroscopic data with those

reported in the literature for the aglycéhand the glycosidé?

4.2.3Structure Elucidation of Compouwddcb

Compoundd.5, [o] 5 +12(c 1.2, MeOH), was isolated as a light yellow solis positive ion
HR-ESHMS revealed pseudo-molecular ion peaksmdt 845.4692 [M+Na] and 861.4618
[M+K] ", corresponding to a molecular formula of4€;0014. The observation of a carbonyl
absorption at 1734 chin the IR spectrum, £C NMR resonance @t 170.7, and a singlet signal
at oy 1.98 in the'H NMR spectrum suggested the presence of an ageiyp. Meanwhile, its
glycosidic nature was corroborated by the preseht@o anomeric proton signals &t 4.83 and

5.43. In addition to the methyl and carbonyl cabonf the acetyl group, there were 42 carbon
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signals in thé*C NMR spectrum, among which 30 carbon signals \eesigned to a triterpenoid
aglycone and the remaining 12 carbons to a disaideheoiety. TheéH NMR spectrum oft.5
indicated that the aglycone had seven methyl growujtls three-protonsinglets atoy 0.80, 0.89,
0.97, 1.00, 1.03, 1.27 and 1.33, and one olefinidgm atoy 5.49. Correspondingly, signals for
seven methyl carbons &t 15.8, 17.2, 17.8, 24.1, 26.6, 28.5 and 33.7 ppmd,far two olefinic
carbons atic 122.9 and 145.2 ppm, were observed in'flieNMR spectrum(Table 4.1). The
presence of a carbonyl absorption at 1689 amd a broad hydroxy absorption at 3453"@mits

IR spectrum, together with AC NMR resonance aic 180.6 ppm, supported the presence of a
carboxylic acid group.

Inspection of théH and**C NMR spectra of compoundl5 indicated that ihad the same
oleanolic acid aglycone as compouhd. The HMBC correlation between H-18 (dids 4.1, 14.0
Hz) and C-28 confirmed that the carboxylic carbaswonnected to C-17 HMBC correlations
between the H-1' anomeric proton and G8well as between H-3 and the anomeric carbon C-1'

confirmed that the disaccharide moiety was conmktcteC-3 Fig. 4.2).

Figure4.2 HMBC, COSY and NOESY Correlations of Compouhsl
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Table 4.1 NMR Spectroscopic Data fdr4—4.6 in Pyridineds (‘H-500 MHz,*3C-125 MHz)

44

4.5

4.6

la
1b
2a
2b

6a
6b
7a
7b

10
11
12
13
14
15a
15b
16a
16b
17
18
19a
19b
20
21a
21b
22a
22b
23
24
25
26
27
28
29
30

1
>
3
&
5
6'a
6'b

1"
o
3"
4"
5"
6"a
6"b
2"- Acetyl
CcO
CHs;
6"-Acetyl
CcO
CHs

on (3in Hz)

1.2+1.25
1.391.42
1.751.78
2.142.18

3.36 dd (4.4, 11.9)

0.76-0.80
1.2%1.25
1.451.49
1.781.82
1.851.87

1.65 brt (8.9)
1.881.92
550t (3.3)

1.181.21
2.022.05
1.761.79
2.182.21

3.32dd (4.1, 14.0)
1.281.31
1.82-1.84

1.491.52
1.821.84
1.451.49
2.052.08
1.27 s
0.89s
0.82s
1.00s
1.33s
1.03 s
0.97s
C-3-Glucose
4.91d (7.8)
4.09-4.11
4.231(8.8)
4.1+4.14
3.92-3.98
4.32d (11.0)
4.51d (11.0)
C-3'-Glucose
5.32d (7.8)
4.02-4.05
4.261(9.2)
4.20t(9.2)
4.074.09
4.34d(11.1)
456d (11.1)

Jc, type
39.0, CH

26.8, CH

89.3, CH
40.1,C
56.1, CH
18.8, CH

33.6, CH

39.8,C
48.3, CH
37.3,C
24.1, CH
122.8,CH
1453,C
42.5,C
28.7, CH

24.1, CH

47.0,C
42.4,CH
46.9, CHl

31.3,C
34.6, CH

33.6, CH

17.8,CH
28.5, CH
15.8, CH
17.4,CH
26.5, CH
180.7,C
24.1,CH
33.7, CH

106.7, CH
74.8, CH
89.3, CH
70.2, CH
78.3,CH
62.9, CH

106.3, CH
75.9, CH
75.8, CH
72.0,CH
79.1, CH
62.8, CH

on (3in Hz)

1.21-1.25
1.371.40
1.76-1.79
2.152.19
3.36 dd (4.4, 11.9)

0.760.79
1.22-1.25
1.461.50
1.78-1.82
1.851.87

1.64 brt (8.9)
1.88-1.92
5.491(3.3)

1.18-1.21
2.022.05
1.75-1.78
2.172.20

3.32.dd (4.1, 14.0)
1.28-1.31
1.821.84

1.49-1.52
1.821.84
1.45-1.49
2.052.08
1.27s
0.89s
0.80s
1.00s
133s
1.03s
097s

4.83d(7.8)

3.964.02

4151 (8.8)

4.04.08

3.88.93

426 d (11.4)
4.48dd (2.1, 11.4)

5.43d(8.1)
5.66 dd (8.1, 9.1)
431t(9.1)
420t (9.1)
4.07%.10
4.28d (11.5)
458dd (2.1, 11.5)

1.98s

Jc, type
39.0, CH

26.9, CH

89.3, CH

40.1,C
56.1, CH
18.8, CH

33.6, CH

39.8,C
48.4, CH
37.3,C
24.1, CH
122.9,CH
145.2,C
42.6,C
28.7, CH

24.1, CH

47.1,C
42.4,CH
46.9, CH

313,C
34.6, CH

33.6, CH

17.8, CH
28.5, CH
15.8, CH
17.2,CH
26.6, CH

180.6, C
24.1, CH
33.7, CH

107.1,CH
74.4,CH

89.3, CH
70.7, CH
78.1, CH

63.1, CH

103.7,CH
75.7, CH
76.6, CH
72.3,CH
79.1, CH
62.7, CH

170.7,C
21.5,CH

on (3in Hz)

1.22-1.26
1.391.42
1.741.77
2.142.18

3.36 dd (4.4, 11.7)

0.78.82
1.23-1.26
1.461.50
1.78-1.82
1.851.87

.651brt (8.9)
1.88-1.92
508 (3.3)

1.18-1.21
2.022.05

1.76-1.79
2.18-2.21

3.32.dd (4.0, 13.9)
1.28-1.31
1.821.84

1.49-1.52
1.821.84
1.46-1.50
2.052.08
1.32s
1.01s
0.82s
1.00s
1.33s
1.02s
0.97s

914 (7.6)
4.054.08
418.9)
4111 (8.9)
3.93.98
324id (6.2, 11.8)
4,52 d@,(21.8)

255 (7.9)
4085
2179.1)
14149.1)
4.231.26
4.67 dd (6.8, 11.8)
4.95 da,(21.8)

2.00s

dc, type
39.0, CH

26.8, CH

89.4, CH

40.1,C
56.1, CH
18.8, CH

33.6, CH

39.8,C
48.3, CH
37.3,C
24.1, CH
122.8,CH
1453, C
42.5,C
28.7, CH

24.1, CH

47.0,C
42.4,CH
46.9, CHl

313,C
34.6, CH

33.5,CH

17.8, CH
28.5, CH
15.8, CH
17.3, CH
26.5, CH
180.7,C
24.1, CH
33.6, CH

106.7, CH
74.7, CH
89.7, CH
70.0, CH
78.3,CH
62.9, CH

106.3, CH
75.7, CH
75.7, CH
71.9,CH
78.3, CH
64.9, CH

171.2,C
21.0,CH
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Both sugar molecules, which were represented bytheo sets of anomeric signalsdt
4.836c 107.1 ppm andy 5.43b6c 103.7 ppm, respectively, were identified as glecdmsed on
the similarity of their*C NMR chemical shifts with those of the sugar mpiat4.4. The linkage
between the two glucopyranosyl units was concludede >3 by the observation of HMBC
correlations between H-3' and two anomeric carb@4' and C-1"), as well as the cross-peak
between H-3' and H-2' in the COSY spectriiy(4.2). The coupling constants between H-1' and
H-2', and H-1" and H-2'J(= 7.8 and 8.1 Hz, respectively) indicated theia&aixial conformation
and thus thg-configuration of the two sugar units. The locatafrthe acetyl group was deduced
to be at the hydroxy group of C-2" of a glucopyrsyl residue, based on the comparison ofithe
and®*C NMR spectra o#.5 with those oft.4. Due to this acetylation, the chemical shift oRHof
compound4.5 wasoy 5.66 as compared tiy 4.04 for compoundt.4, while other protons in the
distal glucose had chemical shifts similar to thofeompound4.4. The position of the acetyl
group was confirmed by the COSY cross-peak betwkendownfield H-2" 4 5.66) and the
corresponding anomeric proton H-1", and a threedlddMBC correlation between H-2" and the
carbonyl carbon of the acetyl grougd. 4.2).

In order to determine the absolute configuratiotheftwo glucoses and to confirm the overall
structure assignment, compou#& was hydrolyzed with 6 M ammonium hydroxide to giel
product identified as randiadis.4) by its*H and**C NMR spectra. Further hydrolysis 4 with
3 M hydrochloric acid yielded oleanolic acid, idéiet by its *H and**C NMR spectra, and a
single monosaccharide, as indicated by a single $pat with the sam&: value as standard

D-glucose. Its absolute configuration was determbodaeD based on its positive optical rotation.
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Based on this evidence, the structure df5 was assigned as oleanolic
acid-3-O-f-D-glucopyranosyl-(P 3)-(2"-O-acetyl)#-D-glucopyranoside, or2"-O-acetylrandia-
nin.
4.2.4Structure Elucidation of Compoudd

Compound4.6, isolated as light yellowish solidg][*'; +17(c 1.2, MeOH), had the same
molecular formula as compourdb as determined by HEESFMS (m/z845.4643 [M+Na]and
861.4569 [M+KT), corresponding to a molecular formula afi&;¢014. Due to the similarity of its
NMR spectroscopic data with those of compouhdsnd4.5, the aglycone portion @6 was also
assigned as oleanolic acid, with the disaccharidetyiconnected to C-3 of the aglycone.

As in compoundL.5, the presence of two sugar molecules was suggegtide NMR spectra,
which showed two sets of anomeric signaléat.916c 106.7 andy 5.256¢ 106.3, respectively.
The two sugars were determined to be glucose, msbmrated by the similarity of tHéC NMR
chemical shifts of all carbons compared to thoseoofipound4.4. The linkage between the two
glucopyranosyl units was determined to b23Lby the observation of the HMBC correlations
between H-3' and two anomeric carbons (C-1' and)Ca% well as the cross-peak between H-3'
and H-2'in the COSY spectrurii. 4.3). The coupling constants between H-1'and H-2i Hui"
and H-2" § = 7.8 and 7.8 Hz, respectively) indicated theirakaixial orientation and thus the
S-configuration of the two sugar units. The preseate@n acetyl group was indicated by a
carbonyl absorption at 1727 &nin its IR spectrum™C NMR resonances &t 171.2 ppm, and a
singlet signal at 2.00 ppm in s NMR spectrum. The C-6" hydroxy group of the oufieicose of

4.6 was acetylated, as opposed to the C-2" of congpdin This was determined by comparing
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the NMR spectral data of the outer glucosd.6fwith those o#.4. The chemical shift of the two
diastereotopiprotons H-6" o#..4 were shifted frondy 4.54 and 4.58 ppm i 4.67 and 4.95 ppm
in 4.6, while the resonances of the other protons ofaimer glucose are similar to those of
compound4.4. Furthermore, the location of the acetyl grouCad" was confirmed by the COSY
cross-peak between H-6" and H-5", and a three-btivMBC correlation between H-6" and the

acetyl carbonyl carboat 171.2ppm, and between H-5" and the anomeric carbonr ). 4.3).

¥ N COSY ~ X HMBC »  "x NOESY

Figure4.3 HMBC, COSY and NOESY Correlations of Compouh@

As with compound.5, the absolute configuration of the two glucoses #mal overall
structure assignment were confirmed by successse hydrolysis of1.6 to randiadin and then
acidic hydrolysis to oleanolic acid apdglucose. Basedn this evidence, the structured® was
elucidated as oleanolic acid€3-D-glucopyranosyl-(2 3)-(6"-O-acetyl)#-D-glucopyranoside,

or 6"-O-acetylrandianin.
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4.2 5Antiproliferative Activities of the Isolated Compmis.

Compounds4.4-4.6 were tested for antiproliferative activity agairike A2780 ovarian
cancer, the A2058 melanoma, and the H522 lung camatklines. All three compounds showed
modest inhibition of the proliferation of A2780 aian cancer cell, with 1§ values in the low
micromolar range. However, they showed only wedkbition of the proliferation of A2058
melanoma and the H522 lung cancer cell lii€able 4.2). Several hundred cytotoxic triterpene
saponins have been identified from plants, but oalyfew of them showed selective
antiproliferative activity* 2"-O-Acetylrandianin 4.5) and 6"O-acetylrandianin 4.6) are
examples of compounds that selectively inhibit gineliferation of A2780 ovarian cancer cells.
Furthermore, in the A2780 assay, the cytotoxicityhe two acetylated saponins is stronger than
that of randianin4.4), which has no acetgroup in its structure. This suggests that thesiase in

activity on acetylation may be due to an increas@bpphilicity, facilitating cellular uptak&

Table 4.2 Antiproliferative Activities of Compoundé.4—-4.6.

Compound ICs0 (uM)

A2780 A2058  H522
4.4 22+0.2 7.63 7.32
45 1.7+0.1 >3.3,<10 >10
46 1.2+0.3 >3.3,<10 >10
Paclitaxel ~ 0.028+ 0.003 ND ND
Vinblastine ND 0.004 0.009

ND = not determined
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4.3 Experimental Section
4.3.1General Experimental Procedures.

Optical rotations were recorded on a JASCO 603tblarimeter. IR spectroscopic data were
measured on a MIDAC M-series FTIR spectrophotometdR spectra were recorded in
pyridine-ds on a Bruker Avance 500 spectrometer. The chersluftis are given id (ppm), and
coupling constantsJ)f are reported in Hz. Mass spectra were obtainedarorAgilent 6220

LC-TOFMS in the positive ion mode.

4.3.2Antiproliferative Bioassay

Antiproliferative activities were obtained atir§/nia Polytechnic Institute and State
University against the drug-sensitive A2780 humasmaran cancer cell line as previously
described'® The values reported are the mean of three replicantiproliferative activities
against the A2058 melanoma and the H522 lung caratelines were determined at Eisai Inc. by

similar procedures to those used for the H460licedl 1’

4.3.3Plant Material

A sample of the roots dfematostylis anthophyllgA. Rich.) Baill. was collected in March
2011. The sample was a shrub of 60 cm with reddfsvand succulent leaves, growing in rocky
habitat in the Vakinakaratra region of the Antsgadbdistrict, Madagascar at an elevation of 1650
m., and coordinates 20°03'59"S 047°00'01*R20(0663889, 47.0002778). Duplicate voucher

specimens Richard Randrianaivo et al. 1803)ave been deposited at the Parc Botanique et
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Zoologique de Tsimbazaza (TAN), at the Centre Nuaiod’Application des Recherches
Pharmaceutiques in Antananarivo, Madagascar (CNAREB)Missouri Botanical Garden in St.

Louis, Missouri (MO), and the Muséum National d’'tdise Naturelle in Paris, France (P).

4.3.4Extraction and Isolation

Dried root parts dN. anthophylla273 g) were ground in a hammer mill, then exgdatith
EtOH by percolation for 24 h at room temperaturgit@ the crude extract MG 4657 (12.4 g), of
which 3.2 g was shipped to Virginia Tech for biaasguided isolation. A 1.1 g sample of MG
4657 (1Gp6.9ug/mL) was suspended in aqueous MeOH (MeOQ&VH:1, 100 mL), and extracted
with hexanes (3 x 100 mL portions). The aqueousriasas then diluted to 60% MeOH (v/v) with
H.O and extracted with Ci€l, (3 x 150 mL portions). The remaining aqueous layer fuaher
extracted witn-BuOH (3x 100 mL portions). The hexanes fraction was evdpdran vacuo to
leave 131 mg of material with &> 20ug/ml. The residue from the GBI, fraction (166 mg) had
an 1Go of 7.7ug/ml, the residue from theBuOH fraction (248.6 mg) had and¢of 2.5ug/mL
and the remaining agueous MeOH fraction had aa*@0ug/ml. Chromatography of the Gal,
fraction over a Sephad®x_H-20 size exclusion column with elution by gE,/MeOH, 1:1 was
used to obtain six fractions, of which the moshactraction (40.3 mg) had an 4&of 2.0ug/mL.
This fraction was then applied to a silica gel cotuwith elution by CHGYMeOH, 9:1 to give
fourteen fractions, of which fraction 11 (4.8 mggsithe most active (kg1.0pug/mL) and yielded
compound4.6. Then-BuOH fraction was applied to an open column ofi@naHP-20 resin and

eluted with a step MeOHAD gradient of 40%, 70% and 100% MeOH. The 100% MédkEtion
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was the most active fraction (100 mg) with agol€f 2.2ug/mL. This fraction was applied to a
silica gel column and eluted with CHfMeOH, 6:1 to give thirteen fractions, of whichdt@an 4
(1.8 mg) yielded compound.5, with an 1Gy of 1.5 ug/mL, and fraction 7 (6.3 mg) yielded

compound4.4, with an 1G of 1.9ug/mL.

4.3.5Hydrolysis of Compounds5 and4.6.

Compound.6 (3.0 mg) was hydrolyzed with 10 mL 6 M NBH for 2 h at 110 °C. The
solution was evaporated to dryness under reducesspre, and then dissolved inCHand
extracted three times with-BuOH. ' *® The n-BUOH extract was evaporated to dryness and
yielded a light-yellow powder (2.6 mg) identifies @mpoundt.4 by its*H and**C NMR spectra.
The light-yellow powder was further hydrolyzed willfomL 3 M HCI for 4 h at 100 °C. The
solution was extracted three times with EtOAc, aoth the organic and the,@ layers were
evaporated to dryness under reduced pressuretiliceuse of the white powder (1.4 mg) derived
from the organic layer was determined to be oldaramid by'H and**C NMR spectroscopy. The
semi-solid carbohydrate mixture from the water ige9 mg) was dissolved in 2 mL of water and
kept overnight before TLC analysis and determimatbits optical rotation. The same procedure
was also applied to compoudd. The sugar from both.5 and4.6 had anR; value identical to
glucose by TLC on a silica gel plate with CH®eOH/H,0,15:6:1, and they had]p **+53.9 and

54.2, respectively 0.1, HO.
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4.3.62"-O-Acetylrandianin4.5).
Light yellow solid; f]p?* +12 (c 1.2, MeOH); IRvmaxCcm'*: 3453, 2935, 1734, 1689, 1027
cmt. *H NMR (500 MHz, pyridineds), and**C NMR (125 MHz, pyridineds), seeTable 4.1;

HR-ESHMS m/z845.4692 [M+Na] (calc. for G4H7oNaOy4", 845.4658)

4.3.76"-O-Acetylrandianin 4.6).
Light yellow solid; f]o**+17 (¢ 1.2, MeOH); IRvmaxcm™: 3439, 2935, 1727, 1689, 1027
cmt. *H NMR (500 MHz, pyridineds), and**C NMR (125 MHz, pyridineds), seeTable 4.1;

HR-ESFMS m/z845.4643 [M+Na] (calc. for G4H7o0NaOy4", 845.4658).
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Chapter 5:  Antiproliferative Homoisoflavonoids and Bufatrienolides from

Urginea depressa

This chapter is a slightly expanded versiora @dublished article. (Dai, Y.; Harinantenaina,
L.; Brodie, P. J.; Goetz, M.; Shen, Y.; Tendyke, Kingston, D. G. |. Antiproliferative
homoisoflavonoids and bufatrienolides fradrginea depressal. Nat. Prod 2013, 76, 865-872.)
Attributions of co-authors of the articles are ddssd as follows in the order of the names listed.
The author of this dissertation (Mr. Yumin Dai) doicted the isolation and structural elucidation
part of the titled compounds, and drafted the mampis Dr. Liva Harinantenaina was a mentor
for this work, and in particular, he provided invable advice and hints for the structural
elucidation of that compound, and he also proofrded manuscript before submission. Ms.
Peggy Brodie performed the A2780 bioassay on tbé&tsd fractions and compounds. Dr.
Michael Goetz from Natural Products Discovery Hwgé did the plant collections and
identification. Dr. Yongchun Shen, Dr. Karen TenByland Dr. Edward M. Suh from Eisai Inc.
performed the A2058 and H522 bioassay on the comgmisolated. Dr. David G. I. Kingston
was a mentor for this work and the correspondintpaufor the published article. He provided

critical suggestions for this work and edited timalfversion of manuscript.

5.1 Introduction

Natural products have been a major sourcewfdrags for the last 70 years, with almost 50%
of all anticancer drugs discovered since 1940 beatigral products or modified natural prodifcts.
Until recently the Merck pharmaceutical companymtained a strong program in natural products

research, which resulted in the discovery of théfargal agent CANCIDAS, the antibacterial
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MEFOXIN® (cefoxitin), and the statin MEVACOR among others, but the company halted
in-house natural products research in 20T8e superb Merck natural products library, whish i
considered to be one of the most diverse and leatex] natural products libraries in the world,
was donated to The Institute for Hepatitis and ¥iResearch (IHVR) and its Natural Products
Discovery Institute (NPDI) in 2014A collaborative research project was then estagtidetween
Virginia Tech and the NPDI to interrogate this diby for potential antiproliferative and
antimalarial activities.

Screening of several thousand extracts fromNR®I collection indicated that a Gél;
extract of the whole plarirginea depressgAsparagaceae, formerly Hyacinthacéahibited
antiproliferative activity against the A2780 humavrarian cancer cell line, with an 4&£value of
2.4ug/mL. The Asparagaceae family is a family of hegmacs perennial bulbous flowering plants,
which are distributed predominantly in Mediterramedimates including South Africa, Central
Asia, and South AmericaJrginea, a genus of this family, is a rich source of @bids,
homoisoflavonoids €g. 4'-O-demethyleucomol5.1), bufadienolides, sesquiterpenoidsg(
6a-hydroxyl-4-endesmen-1-on,2), and alkaloids€g Steviamine5.3), which are well-known
for their broad range of bioactivities, includingtimicrobial, antioxidant, cytotoxic, and
anti-inflammatory activities, eft!° The genudJrgineahas been explored by other investigators,
and in addition four bufadienolides were isolateahf Drimia depressaa botanical synonym of
Urginea depress&: **These previous studies did not however reporthaolpgical data and the

extract of U. depressawas selected for bioassay guided fractionationstdate its bioactive

components.
OH
acelen oo
: HO
OH OH OH

5.1 5.3
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5.2 Results and Discussion
5.2.1lsolation of Active Compounds

An EtOH extract of the whole plant bfrginea depressavas subjected to liquidiquid
partitioning to give active hexanes, &b, and aqueous MeOH fractions with thed@alues to
the A2780 ovarian cancer cell line of 2.6, 0.68] @&i72ug/mL, respectively. Bioassay guided
separation of the hexanes and;CH fractions, including Sephadex LH-20 size exclusgilica
gel normal-phase chromatography and;g Creverse-phase HPLC, vyielded six new
homoisoflavonoids which were named urgineanin$ £6.4 —5.9); urgineanins C and k.6 and

5.9) are enantiomers of known compouf@sheme 5.1). In addition, the bioactive aqueous

methanol fraction from the initial liquidiquid partition described above was subjected to
bioassay-guided separation using diaion HP-20, sizelusion Sephadex LH-20,.£flash
chromatography, and;greverse-phase HPLC to afford the two known compe&ri0 and5.12,
and the two new bioactive bufatrienolides, nameghim B (5.11) and urginin C%.13). Herein, we

report the structural elucidation of these compasund

8

MeO . O, ¢ ~_OR, MeO 0 o
SOV es
MeO 4a I Ry 0 > MeO R

MeO MeO O
R R, R
54 OH CHj 5.7 OH
55 OH H 58 H
56 H CHs
H
OH O
5.9
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R0

5.10
5.11
5.12
5.13

Glc
4'-Glc-Rha-3'-Rha
4'-Glc-Rha-3'-Rha

CHO H
CHO OAc
CH; H
CHO H

Figure 5.1 Chemical Structure of Compoun8gl-5.13

60070-6B
A2780
500
24
I 90:10 MeOH:H,0
60:40 MeOH:H,0
Hexanes CH,Cl, MeOH:H,0
89.3 86.2 311
2.6 0.68 0.72
. . | HP-20 MeOH: H,0
- LH-20 CH,Cly: MeOH = 1:1 LH-20 CH,Cly: MeOH = 1:1 [ | |
l | | | 1 2 3
4 5 6 2 3 55 145 111
5.0 22.4 26.8 445 14.2 21.2 >20 2.9 0.39
1.4 0.53 0.80 9.3 1.9 0.37 LH-20 ‘
Silica Gel cc, Silica Gel cc, CH,Cly: MeOH = 1:1
Hexanes: EtOAc = 7:1 CHCl3: MeOH = 20:1 | | | |
T l _" o 1 2 3 4
6.8 54.2 19.1  20.0
511 512 ?'13 3.2 3.3 38 014 12 14
1.3 25 0 18 59 | Cys SPE |
S HPLG. 17 015 0.79C e 0.14 13 | | MeOH: H2|O gradient
ACN: H,0 = 35:65 18 Cqg HPLC,
__._ | ___  ACNH0O-=3565 . ____|AcN:H,0=4060 40%  60% 80% 100%
T I ] 32 1415 41 25
56 5.8 54 57 55 59 03 013 | 075 39
1.0 02 08 05 ) ) ‘013 HPLC, Cys HPLC,
025 025 - ACN: H,0 = 40:60 | ACN: H,0 = 60:40
032 035 010 012 10 76 ‘| |--- -- —|-__
512 513 510 5.1
* The first number under each fraction is the weight in mg, 18 26 10 12
and the second number is the IC5q value of the A2780 cells in pg/mL. 0.012 0.009 0.09 0.026

Scheme 5.1 Bioassay Guided Separation of the Extradtafinea depressa

89



5.2.2Structure Elucidation of Compourd4

Urgineanin A 6.4), [o] % +26 (c 0.12, MeOH), was isolated as a light yellow otk |
composition was established agld>,0; by positive ion HRESFMS. Its IR spectrum exhibited
absorption bands at 3464 and 1678'¢rimdicating the presence of hydroxy and conjugated
carbonyl groups. It4H NMR spectrum displayed the typical splitting jpatt of an eucomol-type
homoisoflavonoid, with two pairs of geminal couplawton signals aiy 3.93 and 3.96 (each a
doublet,J = 11.4Hz), anddy 2.79 and 2.83 (each a doublet 10.8Hz).™* The observation of 12
aromatic carbon signals, a carbonyl carbon res@ati; 191.8, as well as a methylene carbon
signal atSc 38.6 in the*C NMR spectrum, corroborated the homoisoflavonsidicture (Table
5.1). The basic skeleton of 3-hydroxy-3-benzyl-4-chammne was confirmed by the HMBC
correlations between H-2 and C-3, H-9 and C-3,&h® C-2, H-2 and C-4, H-9 and C-4, and H-9
and C-1'. The presence of four proton singletsh(&t) located aby 3.69, 3.72, 3.74, and 3.85 Iin
theH NMR spectrum, corresponding by HMQC to the fowamaatic carbon resonances located at
oc 60.8, 54.9, 61.2, and 56.2, indicated the presehéeur methoxy groups. Two doubletsdat

6.84 and 7.13 (2H each= 8.7 Hz) indicated gara-disubstituted Bring. A singlet aby 6.49 was

assigned to H-8 of the A-ring, based on the HMB@alations between H-8 and C-8a and between

H-8 and C-4akKig. 5.2).

Figure5.2 HMBC Correlation of Compoung4
The stereochemistry at C-3 was determined hypewison of its electronic circular dichroism

(ECD) spectrum with those of previously reporteanbgsoflavonoids. Thus the positive-z*
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Cotton effect A¢ = 10.8) at 280 nm and the negativerh Cotton effect Ae = -7.2) at 315 nm

indicated theR configuration, in analogy to caesalpiniaphenot*And in agreement with the

statement that a positive Cotton effect in the 285 nm region of the ECD curves of

homoisoflavonoids is indicative of aS&onfiguration for compounds lacking a C-3 hydroxy

group? corresponding to theRconfiguration for C-3 hydroxylated compounds.

Hence,

methoxybenzyl)-5,6,7-trimethoxychroman-4-one.

the structure of compoun8.4 was assigned as(3R)-3-hydroxy-3-(4'-

Table 5.1 NMR Spectroscopic Data for Compourid4, 5.5, 5.7 and5.8 in DMSO-ds (600 MHZz)

54 55 5.7 5.8
position oy (Jin Hz) dc, type Jon(Jin Hz) dc, type on(dinHz) 4, type Jon(Jin Hz) dc, type
2a 3.96d(11.4) 71.5,CH 3.96d(11.3) 71.2,CH 3.99d(10.6) 71.4,CH 4.27dd (11.3, 69.4,Ch
4.5)
2b 3.93d (11.4) 3.92d(11.3) 3.95d (10.6) 4.08 dd (11.3,
8.8)
3 - 72.1,C - 72.7,C - 72.1,C 2.85m 47.7, CH
4 - 191.8,C - 191.9,C - 191.7,C - 190.8,C
4a - 106.8, C - 106.8, C - 107.7,C - 108.7,C
5 153.6,C - 153.7,C - 153.6,C - 154.0,C
6 - 137.1,C - 137.3,C - 137.1,C - 137.4,C
7 - 159.0,C - 159.1,C - 159.0,C - 159.2,C
8 6.49 s 96.5, CH 6.49 s 96.6, CH 6.49 s 96.5,CH 6.45s 96.9, CH
8a - 158.8,C - 158.7,C 158.8,C - 158.9,C
9a 2.83d(10.8) 38.6,CH 2.77d(10.7) 38.7,CH 2.83d(10.5) 38.7,CH 3.01dd (14.1, 32.3,Ch
5.1)
9%b 2.79d (10.8) 2.73d (10.7) 2.79d (10.5) 2.57 dd (14.1,
9.4)
1 - 127.2,C - 125.8,C - 129.0,C - 132.1,C
2' 7.13d(8.7) 1315, CH 7.00d(8.5) 131.4,CH 6.79d (1.6) 114.9, 6.84d (1.6) 108.6, CH
CH
3 6.84d(8.7) 113.2,CH 6.66d(8.5) 114.6,CH - 145.8,C - 145.7,C
4 - 157.9,C - 156.3,C - 146.9,C - 146.4,C
5' 6.84d(8.7) 113.2,CH 6.66d(8.5) 114.6,CH 6.81d(7.9) 110.6, 6.83d (8.0) 109.8, CH
CH
6' 7.13d(8.7) 1315,CH 7.00d(85) 1314,CH 6.65dd(7.9,123.4,CH 6.68dd (8.0, 122.0,CH
1.6) 1.6)
5-OMe 3.74s 61.2, CH 3.74s 61.2, CH 3.74s 61.2, CH 3.74s 61.2, Ckl
6-OMe 3.69s 60.8, CH 3.68s 60.8, CHl 3.69s 60.8, CH 3.66s 60.8, Ckl
7-OMe 3.85s 56.2, CH 3.86s 56.2, CHl 3.85s 56.2, CH 3.84s 56.2, Ckl
4'-OMe 3.72s 54.9, CH
3-0OCH, 5.97d (1.0) 100.6, 5.97d (1.0) 100.6,
0-4' 5.98 d (1.0) CH, 5.98d (1.0) CH,

* Carbon-NMR data for compouril5 and5.8 were obtained from HMBC and HSQC or HMQC spectra.
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5.2.3Structure Elucidation of Compourab

Urgineanin B 6.5), [a] *’» +18(c 0.12, MeOH), was also isolated as a light yelldty its
composition was established agld>,O; by positive ion HRESFMS. Comparison ofH and**C
NMR spectroscopic data 6f5 with those o0f5.4 (Table 5.1) indicated that both compounds had
the same skeleton and substitution pattern, ardrédf only in thab.5 had a hydroxy group in
place of one of th®-methyl groups 05.4. The'H NMR spectrum of compourfil5 showed three
singlets aby 3.68, 3.74 and 3.86 (each 3H) for the three mstigoaups of ring A. The presence of
a hydroxy group instead of &methyl group at C-4' was confirmed by the absearidhe NMR
resonancesfy 3.72/oc 54.9) and 2D correlations of the @ methyl methoxy group .4 (Fig.
5.3). Similar to compound.4, a positiver—* Cotton effect ¢ = 10.4) at 281 nm and a negative
n—z* Cotton effect A¢ =-7.3) at 316 nm indicated tieconfiguration of C-3Thus, the structure
of compound 55 was concluded to be (3R)3-hydroxy-3-(4'-hydroxybenzyl)-

5,6,7-trimethoxychroman-4-one.

Figure 5.3 HMBC Correlation of Compounf5

5.2.4Structure Elucidation of Compouridb

Urgineanin C %.6), [o] %> +9, was identified as the enantiomer of the known
homoisoflavonoid (3)-5,6,7-trimethoxy-3-(4-methoxybenzyl)chroman-4-onge domparison of
its experimental and reported physical and spemtiis datd™ '° Based on the positive—r*

Cotton effect Ae = 5.6) at 286 nm and a negativerh Cotton effect Ae =-2.8) at 251 nm, the
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absolute configuration of C-3 was assigne& anantiomeric with the reported compound.

5.2.5Structure Elucidation of Compourad?

Urgineanin D 5.7, [o] %5 +23, light yellow oil) had the molecular formulad82Os as
determined by the HRESFMS. Comparison of the NMR spectroscopic data. ofvith those of
5.4 indicated that the only difference was the B-sngstitutionpattern. ThéH NMR spectrum of
5.7 had signals for three aromatic protons of therigrnwith an ABX-type spin systena] 6.79
(1H,d,J=1.6 Hz), 6.81 (1H, d]= 7.9 Hz) and 6.65 (1H, dd,= 7.9, 1.6 Hz)]. The presence of a
methylenedioxy group (-OCID-) in 5.7 was confirmed by the typical methylene carbonaigi
8¢ 100.6 and two proton resonancesa6.97 and 5.98 (2H, dJ = 1.0 Hz).*” This group was
assigned to C-3' and C-4' based on HMBC correlatioetween the methylene protons and
C-3/C-4', and between H-2' and C-Fid. 5.4). As with compound$.4 and5.5, the absolute
configuration of C-3 was determined toRbased on the positive-t* Cotton effect A¢c = 6.8) at
280 nm and a negative-m* Cotton effect Ae =-5.2) at 316 nm. The structure of compoimnd

was thus assigned &R)-3-hydroxy-3-(3',4'-methylenedioxy)-5,6,7-trimethakyoman-4-one.

Figure 5.4 HMBC Correlation of Compoun8.7

5.2.6Structure Elucidation of Compourd
Urgineanin E %.8) was obtained as a light yellow oil with][*’s +12(c 0.12, MeOH). Its

molecular formula was deduced asotc0; by HR-ESFMS. Comparison of théH NMR
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spectroscopic data of compoub@ with those of compoun8.7 indicated that both compounds
possessed the same A- and B-ring substitutiondiffated in the C-ring. ThéH NMR spectrum
of compound5.8 displayed the typical splitting pattern of eucostype homoisoflavonoids,
characterized by two sets of doublet of doubl&is4(08/4.27 andy 2.57/3.01) assignable to the
two protons of C-2 and C-9, respectively; and tt@pnent complex multiplety; 2.85) signal of
the proton at C-3% The absence of an OH group at C-3 was confirmetthéyipfield shift of the
C-3 resonancéic 47.7 ppm). The basic skeleton of 3-benzyl-4-chromanoas gorroborated by
HMBC correlations between H-2 and C-3, H-3 and €9 and C-3, H-9 and C-2, H-2 and C-4,
and H-9 and C-1(Fig. 5.5). The absolute configuration of compoumn8 was determined to 118
based on its positive—r* Cotton effect Ac = 5.9) at 288 nm and the negativerh Cotton effect
(Ae = -0.1) at 309 nnt? The structure of compounsl8 was thus assigned #3S)-3-(3',4"

methylenedioxy)-5,6,7-trimethoxychroman-4-one.

Figure 5.5 HMBC Correlation of Compoun®.8
5.2.7Structure Elucidation of Compourad®
Urgineanin F $.9), [o] %, +6, was identified asthe enantiomer of the known
homoisoflavonoid (8)-5,7-dihydroxy-3-(4-methoxybenzyl)chroman-4-one bgmparison of
its experimental and reported physical and spembpis dat£” % As with 5.6, compound5.9
differs from the known compound by its configuratit C-3. A positiver—n* Cotton effect ¢ =
5.8) at 288 nm and a negativenfi Cotton effect Ae =-2.2) at 251 nm indicated theS3

configuration.
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5.2.8Structure Elucidation of CompouradlO

Compound5.10 was identified as altoside (#-4ydroxy-1¥-oxobufa-4,20,22-trienolide

-34-O-p-D-glucopyranoside) a known bufatrienolidésolated in 1959 frontrginea altissima?

To complete the partially reported NMR spectroscaaita reported in the literature, and to enable

comparison with the NMR data 6f11 and5.13, its completéH and*C NMR spectroscopic data

(Table5.2), as well as its key HMBC correlations are recdrbere (Fig. 5.6).

N\

Figure 5.6 HMBC and NOESY Correlations of CompoubdO

Table 5.2 NMR Spectroscopic Data f&10-5.11, 5.13 in Methanold, (600 MHz)

5.10 511 5.13
Position oy (Jin Hz) dc, type on (Jin Hz) dc, type oy (Jin Hz) dc, type

la 2.13 m 28.1, CH 2.16 m 27.7, CH 2.16 m 29.6, CH

1b 1.08 m 1.04m 1.10m

2a 1.99m 27.6, CH 2.00 m 27.2, CH 2.08 m 28.5, CH

2b 1.28 m 1.36 m 1.30m

3 4.18 m 74.2, CH 4.19m 74.1, CH 4.05m 74.1, CH
4 5.74 brs 126.2, CH 5.76 brs 126.4, CH 5.63 brs 127.2, CH

5 - 138.2,C - 138.4,C - 139.7,C
6a 2.29 m 32.9, CH 2.31m 32.7, CH 2.33m 34.2, ChHl

6b 2.23 m 2.25m 2.24 m

7a 2.35m 28.4, CH 2.34 m 28.3, ChHl 2.36 m 29.4, ChHl

7b 1.27m 1.30 m 1.29m

8 1.78 m 43.0, CH 1.81m 42.9, CH 1.80 m 44.4, CH
9 1.23m 49.4, CH 1.21m 49.3, CH 1.25m 51.0, CH
10 - 53.6, C - 53.4,C - 55.0,C
lla 1.60 m 21.5, CH 1.62m 21.3, CH 1.63m 23.1, CH
11b 1.30 m 1.32m 1.32m

12a 1.44 m 40.2, CH 1.50 m 39.0, CH 1.46 m 41.5, CHl
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12b
13
14
15a
15b
16a
16b
17
18
19
20
21
22
23
24
Acetyl
Cco
CHa

QAch@N R

T o

Q0 R N R

Q00 R WQWNR

1.31m 1.28 m 1.33m
- 47.7,C - 49.2,C - 49.0,C
- 84.0,C - 82.9,C - 85.8,C
1.88 m 31.4, CH 1.67 d (15.6) 39.5, CH 1.91m 32.8, CH
1.53m 2.43 dd (15.6, 8.8) 1.55m
2.07m 28.2, CH 5.381(8.8) 74.2, CH 191 m 29.7, ¢H
1.65m 1.66 m
2.45dd (9.5, 6.9) 50.6, CH 2.87d (8.8) 561, C 2.47dd (9.5, 7.0) 52.0, CH
0.62s 15.7, CH 0.70 s 15.5, CH 0.64s 17.1, CH
9.72s 204.1,C 9.72s 203.9,C 9.75s 204.4,C
- 123.7,C - 117.6,C - 123.6,C
7.33d (1.7) 149.1, CH 7.34d (1.7) 151.3, CH 7.34d (1.7) 150.6, CH
7.90dd (9.5,1.7) 147.8,CH 8.15dd (9.5, 1.7) 150.6,CH 7.90dd (9.5, 1.7) 149.3, CH
6.19d (9.5) 114.0, CH 6.10d (9.5) 111.8, CH 6.20 d (9.5) 115.5, CH
- 163.5, C - 163.6, C - 163.1,C
170.2,C
1.75s 19.6, CH

C-3-O-Glucopyranosyl

C-3-Glucopyranosyl

C-3-Rhamnopyranosyl

4.32d (7.9) 102.0,CH  4.33d (7.8) 102.1,CH  4.72 overlapped 100.9, CH

3.04dd (9.1,7.9) 73.6,CH  3.05dd (9.2, 7.8) 3.77CH 3.78 dd (3.2, 2.0) 72.5, CH
3.17m 76.6, CH 3.18 m 76.6, CH 3.84 dd (9.2) 3. 81.5, CH
3.15m 70.2, CH 3.16 m 70.3, CH 3.671(9.3) 176H
3.26 m 76.7, CH 3.26 m 76.7, CH 3.64 dq (9.2) 6. 69.1, CH

3.55dd (4.7, 11.1) 61.5,CH  3.56dd (6.5, 11.4) 61.4, CH 1.21d (6.2) 18.2, GH

3.76 dd (2.1, 11.1) 3.77.dd (2.1, 11.4)

C-3'"0O-Rhamnopyranosyl

4.89d (1.7) 104.6, CH
3.94dd (3.4,1.7) 70.0, CH
3.64dd (9.5, 3.4) 72.2,CH
3.301t(9.5) 74.1, CH
3.73dq (9.5, 6.2) 70.2, CH
1.20d (6.2) 17.9 GH
C-4'0O-Glucopyranosyl
4.48d (7.9) 104.4, CH
3.07dd (9.1, 7.9) 75.3, CH
3.26 dd (9.1, 8.8) 77.9, CH
3.211(8.8) 71.9, CH
3.13ddd (2.4, 5.5, 8.8) 78.0, CH
3.58dd (5.5, 11.8) 62.9, CH

3.75dd (2.4, 11.8)

* C.NMR data for compoun8.10 were obtained from HMBC and HSQC spectra.
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5.2.9Structure Elucidation of Compouradll

Urginin B (5.11), [a] 5 +27(c 1.2, MeOH), was isolated as a light yellow powdem its
composition was determined ag,84,0:, by HR-ESFMS. A *C NMR resonance aic 170.2
ppm, and a singlet at; 1.75 (3H) in théH NMR spectrum suggested the presence @-acetyl
group. In addition, a formyl group was revealedhry observation of a carbonyl absorption (1710
cm?), a**C NMR resonance @t 203.9, and a singlet signaldt 9.72 in the'H NMR spectrum.
Meanwhile, the glycosidic nature of compoufdl was indicated by the presence of a proton
signal atoy 4.33 (d,J = 7.8 Hz, H-1"), as well as six resonances obseivdtie range oby
2.90-3.80. In addition to the methyl and carbonyl cabohtheO-acetyl group, there were 30
carbon signals in th&C NMR spectrum, among which 2dncluding a formyl carbon) were

assigned to a bufatrienolide aglycone, and the iréntasix to a monosaccharide moiéty.

Figure5.7 HMBC and NOESY Correlations of Compoufdil
The 'H and **C NMR spectra of compounds11l and5.10 were similar except that the
spectra 06.11 contained signals for @-acetyl group and one additional oxygen-bearingaar
(0w 5.38, oc 74.2), indicating thab.11 is a bufatrienolide. The three oxygen-bearing @astC-3
(6c 74.1), C-164c 74.2) and C-145¢ 82.9) were assigned based on the interpretatitrediSQC,
COSY and HMBC spectréFig. 5.7), indicating the additional group to be at C-16eD-acetyl

group was deduced to be attached to Cds$jndicated by the HMBC correlations between H-17
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and C-16, H-17 and C-20, as well as between HéL62(87) and the carbonyl carbon of the
O-acetyl group.

The coupling constant between H-17 and H-1$ 8.8 Hz) indicated &ransconfiguration of
the two protons, and thus arorientation of theéD-acetyl grou?* The orientation of H-3 was also
determined to be, based on the NOESY crosspeaks between H-1b a2l BlhdH-3 and H-1a.
(Fig. 5.7). The absolute configuration at C-14 was assigae8 based on the similarities of
structure and origin 05.10 and5.11, and on the common occurrence of this configunafar
14-hydroxybufadienolide®.

The anomeric signals & 4.33 (d,J = 7.8 Hz)b- 102.1 were assigned tqGglucopyranosyl
unit, based on their similarity with those of thegar moiety 0f5.10 (Table 5.2). In order to
determine the absolute configuration of the gluc@senpounds.11 was hydrolyzed with 3 M
hydrochloric acid to yield-glucose, as indicated by its identid&l value compared to the
D-glucose standard in TLC-analysis and its posibpgcal rotation. Based on the above evidence,
the structure of compouridll was assigned asg-hydroxy-1%-oxobufa-4,20,22-trienolide-16

O-acetyl-3-O-p-D-glucopyranoside.

5.2.10Structure Elucidation of Compouta®d
Compound 5.12 was identified as urginin, (B4ydroxybufa-4,20,22-trienolidef30-
{a-L-rhamnopyranosyl-[($4)-5-D-glucopyranosyl]-($ 3)-a-L-rhamnopyranoside}), by

comparison of its experimental and reported plsind spectroscopic d&ta.

5.2.11Structure Elucidation of Compouradl3

Urginin C 6.13), [¢] 5 -14 (c 1.2, MeOH), was obtained as a light yellow powdes.
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composition was assigned as;scO1s, based on its positive ion HESHFMS spectrum.
Comparison of theH and **C NMR spectroscopic data of compoubd3 with those of
compounds5.10 and 5.12 indicated that compoundS.10 and 5.13 possessed the same
38,14p-dihydroxy-19®-oxobufa-4,20,22-trienolide aglycoh®,” and that compounds.12 and
5.13 had identical sugar moieties at C-3.

The presence of trisaccharide units was suggestélebthree sets of anomeric signalsiat
4.726c100.9,044.89 (dJ=1.7 Hz)bc 104.6, andy 4.48 (d,J= 7.9 Hz)b- 104.4, respectively. In
addition, the two doublets in tHel NMR spectrum afy 1.20 (3H,J = 6.2 Hz) andy 1.21 (3H,J
= 6.2 Hz) indicated the presence of two rhamnoses.ufihe third sugar moiety was identified as
glucose, based on the proton splitting patternh@fseven proton resonances of H-1" to H-6"ab
in the'H NMR spectrumTable 5.2). 2D NMR spectroscopic data, including HMBC, HSQ@d
NOESY, were employed to determine the linkages éetwthe sugarand the aglycone and
between the sugars. One of the rhamnopyranosys was connected to C-3s indicated by
3J-HMBC correlations between H-1' and C-3. The HMB@sspeaks between H-1" and C-3', and
H-3' 0y 3.64, ddJ = 9.5, 3.4 Hz) and C-1' indicated that the secdramopyranosyl unit was
connected to C-3'. The glucopyranosyl unit wasrdateed to be connected to C-4', based on the

HMBC correlation between H-1" and C-4', as wselHa6' and C-4'Kig. 5.8).

rooN

Figure 5.8 HMBC and NOESY Correlations of Compousds3.
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The coupling constant between H-1" and HE2% 7.9 Hz) of the glucose indicated the
p-configuration of the glucopyranosyl unit, and ttanfigurations of the two rhamnopyranosyl
units were both deduced to beas indicated by the coupling constants betweédnaid H-2', and
H-1" and H-2" (botl = 1.7 Hz). Compoun8.13 was hydrolyzed with 3 M hydrochloric acid to
yield L-rhamnose andd-glucose, as indicated by the identidal values compared to the
L-rhamnose andd-glucose standards, respectively, in the TLC-amslythe positive optical
rotation of the glucose, and the negative optigtdtron of the rhamnose.

Compound5.13 was thus assigned as ftdydroxy-1%-oxobufa-4,20,22-trienolidef30-

{ a-L-rhamnopyranosyl-[(#4)-5-D-glucopyranosyl]-($ 3)-a-L-rhamnopyranoside}.

5.2.12Antiproliferative Activities of the Homoisoflavarem

The isolated compounds were tested for antign@ifve activity against the A2780 ovarian
cancer, the A2058 melanoma, and the H522-T1 huraarsmall cell lung cancer cells lines.

Table 5.3 Bioactivities of Homoisoflavonoids.4-5.9

Compounds
54 55 5.6 5.7 5.8 5.9 Vinblastine Taxol
A2780 I1G, (uM) 0.32+ 34+ 135+ 0.35% 1.44 + 23 NT 0.028 +
0.05 0.16 0.10 0.06 0.08 1.2 0.002
A2058 1G, (uM) 0.068 >10 0.69 0.38 >10 >10 0.0037 NT
H522-T1 1G, (uM) 0.071 6.78 0.74 0.43 >10 >10 0.0052 NT

As listed inTable 5.3, the five homoisoflavonoids urgineaninsi (5.4 — 5.8) showed strong
antiproliferative activity against the A2780 ovarieancer cell line with 16 values of 0.32, 3.4,
1.35, 0.35 and 1.44M, respectively, while the less oxygenated analdgQeéhad a much lower
activity. Additional testing against the A2058 medana and H522-T1 human non-small cell lung
cancer cells lines showed some interesting difteakactivities, with compoun8.4 being about
five fold more potent to the A2058 and H522-T1 dieks than to the A2780 line, compoubid

being approximately equipotent to all three cetle, and compoundS.5 and 5.8 being
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significantly less potent to the A2058 and H522€El lines than to the A2780 cell line.

To date, more than 110 homoisoflavonoids disted between eight different structural types
have been isolated from plants, varying by the remabd position of oxygenation of the &ad/or
B- rings?® Previous work showed that not all homoisoflavosadde cytotoxic to cancer ceffs,
and the present results suggest two factors th#tibate to increased antiproliferative activity.
The first is the degree of methylation. This isgegfed by the observation that the two compounds
with the highest overall antiproliferative actieis areb.4, with four methoxy groups, artl7, with
three methoxy and one methylenedioxy grolis result may be due to the fact that methylation
increases lipophilicity, which facilitates cellulanptake®" 32 The second factor is that
hydroxylation at C-3 increases activity; higheriprdliferative activity was observed for the
eucomol-type homoisoflavonoids.4 and 5.7, with a hydroxy group at C-3, than for the

corresponding eucomin-type homoisoflavonddsand5.8, lacking a hydroxy group at C-3.
5.2.13Antiproliferative Activities of the Bufatrinolides.
The bufatrienolides were also tested for aotifarative activity against the A2780 ovarian

cancer, the A2058 melanoma, and the H522-T1 huraarsmall cell lung cancer cells lines.

Table 5.4 Bioactivities of Bufatrienolide8.10-5.13

Compounds
5.10 511 5.12 5.13 Vinblastine Taxol
A2780 IG, (uUM) 0.024 + 0.011+ 0.111+ 0.041+ NT 0.028 +
0.006 0.002 0.008 0.003 0.002
A2058 IG, (uUM) 0.048 0.060 0.18 0.076 0.0037 NT
H522-T1 IGo (uM) 0.034 0.044 0.11 0.051 0.0052 NT

As listed inTable 5.4, the four bufatrienolides, altosidg10), urginin B 6.11), urginin 6.12),

and urginin C %.13) all showed strong antiproliferative activity, witCso values of 24, 11, 111,
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and 41 nM, respectively. Bufadienolides are polybygt C-24 steroids and their glycossdehich
have been found in both plant and animal souft&They inhibit thex-unit of the enzyme Na
K*-ATPase to further induce cell apoptosis.Previous research on the structure-activity
relationship of the bufadienolides indicated tthed presence of the 19-oxo group increases the
antiproliferative activity against primary liver titnoma PLC/PRF/5 cells compared to those
bufadienolides with 19-C&f° Our data corroborate this statement since ur@n@13) showed a
higher activity compared to urginirb.(2), and the two compounds only differ in their C-10
substitution. Moreover, urginin B5(1) displayed a higher cytotoxicity than altosidel1Q),
indicating that the introduction of a@®-acetyl group increases the potency, as previously
described® In addition, the number of sugars attached tcatfigcone affects the cytotoxicity of
the bufatrienolide, since the monoglucosifd$e and5.11 were more potent than the trisaccharide
bufatrienolidess.12 and5.13. It is possible that the greater number of hydrgryups from the

sugars causes decreased lipophilicity, reducingleeluptake’’

5.3 Experimental Section
5.3.1General Experimental Procedures.

Optical rotations were recorded on a JASCO G02fblarimeter. UV and IR spectroscopic
data were measured on a Shimadzu UV-1201 spectapleter and a MIDAC M-series FTIR
spectrophotometer, respectively. ECD spectra wetaied on a JASCO J-815 circular dichroism
spectrometer. NMR spectra were recorded in DMEBOsn Bruker Avance 500 or 600
spectrometers. The chemical shifts are giveh(ppm), and coupling constanty are reported in

Hz. Mass spectra were obtained on an Agilent 6226TIOFMS in the positive ion mode.
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5.3.2Antiproliferative Bioassay

Antiproliferative activities were obtained atirginia Polytechnic Institute and State
University against the drug-sensitive A2780 humasarian cancer cell line as previously
described® Antiproliferative activities against the A2058 mebma and the H522-T1 lung cancer

cell lines were determined at Eisai Inc. by similescedures to those used for the H460 cell fihe.

5.3.3Plant Material
Plant collection was made in the Pilgrims RestrigistState of Mpumalanga, South Africa,
by Prof. P. C. Zietsman under the auspices of e Mork Botanical Garden, accession number

Z03749a. A voucher specimen is deposited in the Xank Botanical Garden.

5.3.4Extraction and Isolation

The dried and powdered whole plant (100 gYajinea depressavas exhaustively extracted
with EtOH (1L x 2) in two 24-hour percolation stegsiccessive partition of the concentrated
extract with hexanes and GEl, gave an active Ci€l, extract. For purposes of fractionation and
purification, 0.75 grams of the original EtOH exirdesignated 60070-6B was shipped to Virginia
Tech for bioassay-guided isolation. A 0.60 g sangpl@0070-6B (1Go2.4 ug/mL) was suspended
in aqueous MeOH (MeOHA®, 9:1, 100 mL), and extracted with hexanes (3 8 dfl). The
aqueous layer was diluted to 60% MeOH (v/v) wittOHand extracted with GIEl, (3 x 150 mL).
The hexanes fraction was evaporated in vacuo t@188.3 mg of material with Kg= 2.6ug/mL.
The residue from the CEI, fraction (86.2 mg) had an idgof 0.68ug/mL, and the remaining
aqueous MeOH fraction was centrifuged to give aesugtant (311 mg) with an dgof 0.72

pug/mL.
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The CHCI, fraction was subjected to size exclusion open roallchromatography on
Sephadex LH-20 to yield three fractions, of whibk tnost active fraction F3 (21.2 mg) had an
ICso value of 0.37ug/mL. Fraction F3 was applied to a silica gel caumith elution by
CHCI3/MeOH, 20:1 to give 14 fractions. Fraction F3-2(fing), the most active fraction @60.14
ug/mL), was further applied om&HPLC and eluted by 35% MeCN in@ to yield compoun8.4
(0.8 mg) and compoursl7 (0.5 mg), with retention times of 20.3 and 19.2 m&s, respectively.
Using the same {g HPLC column, fraction F3-3 (5.9 mg, 4§£1.3ug/mL) was eluted with 40%
MeCN in HO to give compoun8.5 (0.25 mg) and compourtd9 (0.25 mg), with retention times
of 9.8 and 20.4 minutes, respectively. In the sama@ner, Sephadex LH-20 size exclusion open
column chromatography of the hexanes fraction gieldix fractions, of which the most active
fraction F5 (22.4 mg) had an d&values of 0.53ig/mL. Fraction F5 was applied to a silica gel
column and eluted with hexanes/EtOAc, 7:1 to gi®éractions. Fraction F5-12 (2.5 mg), the most
active fraction (IGy 0.15ug/mL), was further separated ong®PLC eluted by 35% MeCN in
H.O to yield compoun&.8 (0.2 mg) and compourtl6 (1.0 mg), with retention times of 26.2 and
27.4 minutes, respectively.

The MeOH-soluble fraction was separated on BA2B Diaion open column to give three
fractions, of which the most active fraction F3X11lmg) had an 1§ value of 0.3%g/mL. F3 was
applied to a Sephadex LH-20 size exclusion opeangolwith elution by ChCl,/MeOH,1:1 to
give four fractions. Fraction 3-2 (54.2 mg), theshactive (1G0.14ug/mL) fraction, was applied
on Gg SPE eluted by 40, 60, 80 and 100% MeOH i@ kb give a 40% fraction (kg 0.12ug/mL),
and a 60% fraction (165 0.36ug/mL). The 40% fraction was subjected tg BPLC eluted by 40%
MeOH in HO and yielded compouriai12 (1.8 mg) and compoursl13 (2.6 mg), with retention
times of 13.9 and 7.2 minutes, respectively. Indds®e manner, the 60% fraction was subjected to

Ci1s HPLC eluted by 60% MeOH inJ@ to yield compound.10 (1.0 mg) and compourfsill (1.2
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mg), with retention times of 20.6 and 6.2 minutespectively.

5.3.5Hydrolysis of Compounds10, 5.11 and5.13.

Compound.13 (2.0 mg) was hydrolyzed with 10 mL 3 M HCI for 4h100 °C. The solution
was extracted with EtOAc (850 mL), and both the organic and the water layen® evaporated
to dryness under reduced pressure. The structuteofhite powder (1.4 mg) derived from the
organic layer was determined to h&B|s-dihydroxy-1%-oxobufa-4,20,22-trienolide biH and
13C NMR spectroscopy. The semi-solid carbohydratetuméxfrom the water layer (0.45 mg) was
applied to a silica gel column, eluted by CEH®leOH/H,0,15:7:2 (lower phase). Two fractions
(monosaccharide 1 and monosaccharide 2) were ebtagach of which was dissolved in 1 mL of
H,O and kept overnight before TLC analysis and detetion of optical rotations. On the silica
gel TLC plate, monosaccharideR; € 0.36) had an identic& value toL-rhamnose, developed by
CHCl/MeOH/H,0,13:7:2 (lower phase). Moreover, it had arp[?* -7.0, € 0.1, HO).
Monosaccharide 2R = 0.20) had an identic&; value toD-glucose on the same TLC system as
that of monosaccharide 1, with]f *+54, ¢ 0.1, HO. Both of the optical rotation values are
similar to the ones reported in the literature.

Compound$.10 and5.11 were hydrolyzed and analyzed in the same mannen-@lucose
was obtained from both of the aqueous portions@htydrolytes, withd]p >?+53 and +52,d0.1,

H,0)
5.3.6Urgineanin A 6.4): (3R)-3-hydroxy-3-(4'-methoxybenzyl)-5,6,7-trimethoxyataa-4-one
Light yellow oil; [o]p?*+26 (¢ 0.12, MeOH); UV (MeOHM\max (€) 229 (1.6), 274 (1.2); IR

VmaxCT™: 3464, 2932, 1678, 1600, 1483, 1265, 1121-0BCD (c 0.031 mM, MeOH)e»g0+10.8,
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Agz15-7.2;*H NMR (600 MHz, DMSOdg), and**C NMR (150 MHz, DMSQdg), seeTable 5.1;
HR-ESFMS m/z397.1258 [M+Na] (calc. for GoHNaO;", 397.1263) and 375.1438 [M+H]

calca 1or o307 . .
(calcd for GgH2:0,", 375.1438)

5.3.7Urgineanin B b.5): (3R)-3-hydroxy-3-(4'-hydroxybenzyl)-5,6,7-trimethoxychem-4-one
Light yellow oil; [o]o**+23 (¢ 0.12, MeOH); UV (MeOHmax (€) 229 (1.2), 274 (0.9); IR
VmaxCM': 3485, 2924, 1677, 1598, 1477, 1263, 1119;dBCD (c 0.031 mM, MeOH\éepg; +10.4,
Agz16—7.3;*H NMR (600 MHz, DMSOdg), and**C NMR (150 MHz, DMSQdg), seeTable 5.1;
HR-ESHMS m/z383.1102 [M+Na] (calcd for GoHooNaO;", 383.1107) an®61.1277 [M+H]

(calc. for GeH»10;", 361.1282)

5.3.8 Urigineanin C 6£.7): (3R)-3-hydroxy-3-(3',4'-methylenedioxy)-5,6,7-trimethdxpman-
4-one

Light yellow oil; o]o**+18 (c 0.12, MeOH); UV (MeOHhmax (€) 229 (1.2), 274 (0.9); IR
VmaxCM' 5 3497, 2897, 1679, 1600, 1479, 1246, 1111cBCD (c 0.031 mM, MeOH\e 50 +6.8,
Agz16-5.2;"H NMR (600 MHz, DMSOd), and**C NMR (150 MHz, DMSQdg), seeTable 5.1;
HR-ESHFMS m/z 411.1053 [M+Nad] (calcd for GgHooNaQs', 411.1056), and [M+H] m/z

389.1231 (calc. for gH210g", 389.1231).

5.3.9Urigineanin D 6.8): (3S)3-(3',4'-methylenedioxy)-5,6,7-trimethoxychromaoré
Light yellow oil; [o]p?*+12 (¢ 0.12, MeOH); UV (MeOHmax (€) 229 (1.8), 280 (1.3); IR
VmaxCM': 2898, 1646, 1591, 1483, 1251, 1028'¢ECD (¢ 0.031 mM, MeOH\e,gs +5.9, Aeao

-0.1; *H NMR (600 MHz, DMSO¢g), and**C NMR (150 MHz, DMSOdg), seeTable 5.1;
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HR-ESHFMS m/z 395.1100 [M+Na] (calcd for GoHoNaO;*, 395.1107) and 373.1279 [M+H]

(calc. for GoH»10;", 373.1282).

5.3.10Altoside b.10):

Light yellow powder; ¢]p **+23 (¢ 0.12, MeOH); UV (MeOH}max (€) 208 (1.8), 298 (0.6);
IR vmax cM™: 3385, 2924, 2855, 1738, 1710, 1455, 1250, 1064.ciH NMR (600 MHz,
MeOH-d,), and*C NMR (150 MHz, MeOHd,), seeTable 5.2; HR-ESFMS m/z 583.2482

[M+Na]" (calc. for GgHsoNaOyo', 583.2514).

5.3.11Urginin B (5.11):

Light yellow powder; §]p ?*+27 (¢ 0.12, MeOH); UV (MeOHkmax (€) 211 (1.9), 288 (0.6);
IR vmax CM: 3362, 2924, 2850, 1735, 1710, 1450, 1245, 1068.ciH NMR (600 MHz,
MeOH-d,), and*C NMR (150 MHz, MeOHd,), seeTable 5.2; HR-ESFMS m/z 641.2646

[M+Na]" (calc. for GoH4NaOy,', 641.2568).

5.3.12Urginin C (56.13):

Light yellow powder; ¢]o**-14 (¢ 0.12, MeOH); UV (MeOHhmax (€) 211 (1.9), 296 (0.7);
IR vmax CMY: 3348, 2925, 2860, 1734, 1710, 1459, 1268, 1124.cid NMR (600 MHz,
MeOH-d,), and*C NMR (150 MHz, MeOHd,), seeTable 5.2; HR-ESFMS m/z 875.3738

[M+Na]" (calc. for GoHeoNaOws', 875.3672).
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Chapter 6: Isolation of Antiplasmodial Anthraquinones from Kniphofia
ensifolia, and Synthesis and Structure—activity Relationships of Related

Compounds

This chapter is a slightly expanded versionaoubmitted manuscriptAttributions of
co-authors of the articles are described as followthe order of the names listed. The author of
this dissertation (Mr. Yumin Dai) conducted thelasion, structural elucidation and synthesis of
the titled compounds, and drafted the manuscriptLDa Harinantenaina was a mentor for this
work, and in particular, he provided invaluable iadvand hints for the structural elucidation of
these compounds, and he also proofread the mapubefore submission. Ms. Jessica Bowman
performed the Dd2 bioassay on the isolated frasteomd compounds, under the guidance of Dr.
Maria B. Cassera. Ms. Peggy Brodie performed thé8@2ioassay on the isolated fractions and
compounds. Dr. Michael Goetz from Natural Produbiscovery Institute did the plant
collections and identification. Dr. David G. |. Kjston was the mentor for this work and the
corresponding authors for the published article.pravided critical suggestions for this work

and edited the final version of the manuscript.

6.1 Introduction

As part of a collaborative research project essaklil between Virginia Tech and the Institute
for Hepatitis and Virus Research (IHVR) and its eural Products Discovery Institute (NPBI),
we are searching for antiproliferative and antimalanatural products in the plant extract library

of the NPDI. An investigation for antiproliferativ@mpounds from this library yielded several
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homoisoflavonones and bufadienolides with strontjpesliferative activity *> and this paper

reports the first results from our investigatioreafracts with antimalarial activity.

Screening of over 6,900 extracts from the NEBIlection led to the identification of a
CH.CI, extract ofKniphofia ensifolia Baker (Asphodelacedeith promising antiplasmodial
activity against the drug-resistant Dd2 strainPtdsmodium falciparum, with an 1G, around 6
ng/mL. Members of the Asphodelaceae family are widétributed in Africa, central and western
Europe, the Mediterranean basin, Central Asia, Anstralia> The genusKniphofia is a rich
source of anthraquinones, flavonoids and alkaleudsch are well-known for their broad range of
bioactivities, including anticancer and antimalariactivities®® 1-(1-Hydroxy-8-methoxy-
3-methylnaphthalen-2-yl)ethanone 6.1), N-4'-chlorobutyl butyramide 6(2) and N,
N-dimethylconiine §.3) listed are the examples of bioactive compoundisd from the genus
Kniphofia. Although the genuXniphofia has been well explored, the phytochemistryKof
ensifolia has not previously been investigated, and its ekwas thus selected for bioassay guided

fractionation to isolate its bioactive components.

S0 OH O o
H |+

6.1 6.2 6.3

6.2 Results and Discussion
6.2.11solation of Active Compounds
An EtOH extract of the whole plant Kf ensifolia was subjected to liquidiquid partitioning
to give an antiplasmodial GBI, fraction (IGo ~ 6.0ug/mL). Bioassay guided separation (Scheme

6.1) of the CHCI, fraction, including Sephadex LH-20 size exclusionromatography,
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normal-phase silica gel chromatography, angs €&verse-phase HPLC, yielded two new
anthraquinones, named kniphofiones A an@.B, 6.7), two known strongly active anthraquinones
(6.9, 6.10), and five other known anthraquinone&4( 6.5, 6.7, 6.11, 6.12). The structure

elucidation of thenew compounds is reported herein.

60031-9D
Dd2 600
<
fgo:m MeOH:H,0
60:40 MeOH:H,0
Hexanes CH,Cl, MeOH:H20

Mass (mg) 108 20.7 ~450
IC5q (Mg/mL) >5,<10 >2.5,<5 >10

| Combined |

| LH-20 MeOH: CH,Cl,=1:1
[ | | |
1 2 3 4 5
Mass (mg) 28.5 375 425 286 143
ICs50 (Mg/mL) >10 >10 >5,<10 25 >10
| Silica Gel cc Hexanes: EtOAc=7:3
| | | | | |
6.4 — 41 4.2 4.3 4.4 4.5 4.6

Mass (mg) 0.3 1.8 1.2 2.2 2.6 16.1
IC5o (Mg/mL) >10,<20 0.27 0.33 5 0.49 >5, <10

Cqg HPLC,| ACN: H,0 gradient ‘

| | ] I
6.9 6.10 6.11 6.12 6.5 6.6 6.7 6.8

Mass (mg) 03 09 03 0.3 0.5 0.7 1.0 26
ICs0 (Mg/mL)  0.23 0.11 5.1 4.7 >10 12 4.1 1.1

Scheme 6.1 Bioassay Guided Separation of the Extradfmiphofia ensifolia
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6.10 6.11 6.12

Figure 6.1 Chemical Structure of Compouné@gl—-6.12

6.2.2Sructure Elucidation of the Known Compounds 6.4-6.5, and 6.8-6.12.

Compounds6.4, 6.5 and 6.8-6.12 were identified as chrysophand®.4),” aloe-emodin
(6.5),'° knipholone 6.8),"* 10-(chrysophanol-7"-yl)-10-hydroxylchrysophano&@throne .9),’
chryslandicin §.10),"* asphodeline§11),** and microcarping.12)** respectively, by comparison

of their experimental and reported physical anadspscopic data with literature data.
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6.2.3Sructure Elucidation of Compound 6.6.

Kniphofione A 6.6) was isolated as a yellow-orange powder. Its negan HR-ESFMS
revealed a peak for a deprotonated molecular ianWaB889.0688 [M-H] ", corresponding to a
molecular formula of &H140-. Its IR spectrum exhibited absorption bands ab38% 1673 ci,
indicating the presence of hydroxy and conjugatetbanyl groups. The presence of two chelated
hydroxy groups was further confirmed by two singlginals located ai; 12.09 and 12.12 in the
'H NMR spectrum Table 6.1). In addition, a set of three coupled aromatictqme in the
ABC-type spin systemd[; 7.90 (1H, ddJ=7.9, 1.6 Hz), 7.73 (1H, dd,= 8.0, 7.9 Hz) and 7.39
(1H, dd,J=8.0, 1.6 Hz)], twaneta-coupled doublets locatedd&t 7.87 and 7.34 (both, 1d= 1.6),
as well as methylene protons on an oxygen-beadnmpn aty 5.44(2H, singlet), were similar to
the corresponding signals of aloe-emodi) and of aloe-emodin-type anthraquinof&s® The
observation of two carbonyl carbon resonances dacatt 5c 192.7 and 181.6, as well as a
methylene carbon signal & 64.9 (C-11) in thé°C NMR spectrum, corroborated its structure as
an aloe-emodin derivative. The basic skeleton oB-dlhydroxy-3-(hydroxymethyl)
anthracene-9,10-dione was confirmed by the HMBQCetations between H-2 and C-1a, H-4 and

C-10, H-6 and C-8, H-7 and C-8a, and H-11 and €Eig. 6.2).
OH O OH
Lo
\_/\_/ ~_
O O
Figure 6.2 HMBC Correlation of Compoun@.6

Furthermore, the presence @aaa-hydroxybenzoate group was suggested by the presénce
two doublets aby 8.07 and 6.92 (2H eachz= 8.8 Hz) in the'H NMR spectrum, and a set of five

carbon signals a: 165.8(C-12), 159.6C-4"), 132.0 (C-2'/6"), 122.4 (C-1"), and 113.93'(%"), in
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the *C NMR spectrunt® The structure of thpara-hydroxybenzoate group and its connection to
C-11 was further confirmed by the HMBC correlatidmetween H-2'/H-6' and C-12, H-6'/H-2" and
C-4', and H-11 and C-12. Hence, the structure of compoutd was assigned as
(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracenipmnethyl 4-hydroxybenzoate.

Table 6.1 NMR Spectroscopic Data fé&6 and6.7 in CDCk (500 MHz)

6.6 6.7
position On (Jin Hz) dc, type On (Jin Hz) Jc, type

1 - 162.9, C - 162.8, C
la - 115.3,C - 115.2, C

2 7.87 d (1.6) 118.6, CH 7.87d (1.6) 118.5, CH
3 - 147.0, C - 146.9, C

4 7.34.d (1.6) 122.4, CH 7.36 d (1.6) 122.4, CH
4a - 133.6, C - 133.6, C

5 7.90 dd (7.9, 1.6) 120.2, CH 7.87 dd (7.9, 1.6) .22GH

Sa - 134.1, C - 133.9,C

6 7.73dd (8.0,7.9) 137.4, CH 7.73dd (8.0, 7.9) 37.3, CH

7 7.39 dd (8.0, 1.6) 124.8, CH 7.35dd (8.0, 1.6) .82GH

8 - 162.7, C - 162.8, C
8a - 115.9, C - 115.8, C

9 - 192.7, C - 192.7, C
10 - 181.6, C - 181.6, C
11 5.44 s 64.9, CH 5.355s 64.6, CH

12 - 165.8, C - 166.7, C
13 - - 6.43 d (15.9) 114.4, CH
14 - - 7.75d (15.9) 145.8, CH
T - 121.8,C - 126.9, C

2 8.07 brd (8.8) 132.0, CH 7.50 brd (8.5) 130.0, CH
3 6.92 brd (8.8) 113.9, CH 6.88 brd (8.5) 114.4, CH
4 - 159.6, C - 159.5, C

5 6.92 brd (8.8) 113.9, CH 6.88 brd (8.5) 114.4, CH
6' 8.07 brd (8.8) 132.0, CH 7.50 brd (8.5) 130.0, CH

1-OH 12.12's - 12.11s -
8-OH 12.09 s - 12.09 s -

6.2.4Sructure Elucidation of Compound 6.7.

Kniphofione B 6.7) was obtained as a light yellow oil. Its moleculaimula was deduced to

be G4H1607, based on its protonated molecular ion peakv/at417.0986 [M+H] and a sodiated
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molecular ion peak atvz 439.0806 [M+Na] in its positive ion HRESFMS. The'H NMR
spectrum of compoun@.7 displayed splitting patterns in the aromatic regsimilar to that of
compoundb.6, suggesting they have related structures. Compadtthe**C NMR spectroscopic
data of 6.7 with those 0of6.6 (Table 6.1) indicated that both compounds shared the same
aloe-emodin-type anthraquinone skeleton, but ditfen the acyl group attached to C-11. The
presence of rans para-hydroxycinnamate group ®7, as opposed to thgara-hydroxybenzoate
group in6.6, was indicated by the presence of two doubleég @50 and 6.88 (2H each= 8.8

Hz) in the'H NMR spectrum, a set of five carbon signals166.7 (C-12), 159.5(C-4"), 130.0
(C-2'/6"), 126.9 (C-1"), and 114.4 (C-3/5") in fi&é NMR spectrum, andrans-coupled doublet
proton signals ady 6.43 and 7.75 (both, 1H,= 15.9 Hz). The latter signals corresponded by
HMQC to the two methine carbon resonance8catl14.4 (C-13) and 145.8 (C-14)The two
carbons of the carbon-carbon double bond in thearimrate group were assigned to C-13 and C-14,
based on the HMBC crosspeaks between H-13 andi-d'and C-14, and H-14 and C-1R2id.

6.3). The structure of compour@7 was thus determined as){(1,8-dihydroxy-9,10-dioxo-9,10-

dihydroanthracen-3-yl)-methyl 3-(4-hydroxyphenyyyate.

Figure 6.3 HMBC Correlation of Compoun@.7

6.2.5Biological Activities and Sructure-Activity Relationship Sudy
All the isolated compounds were tested for antifgtive activity against the A2780
ovarian cancer cell line and for antiplasmodiaimigt against the Dd2 chloroquine-resistant strain

of P. falciparum.
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Table 6.2 Bioactivities of the Isolated Anthraquinon&s4(6.12)

Compounds
6.4 6.5 6.6 6.7 6.8 6.9 6.10 6.11 6.12
Dd2 1G5 (uM) 58 55 26+4 9+1 11+02 04+0.1 02+01 10+2 10%2
A2780 IG,(uM) >60 26+2 >60 >60 80+15 6.2+09 43+11 >60 >60

As listed inTable 6.2, the known dimeric compound6.9 and6.10) displayed the highest
antiplasmodial activity, with 163 values of 0.4 + 0.1 and 0.2 + QuM, respectively. In addition,
both of these dimeric compounds showed modest rafifgrative activity against the A2780
human ovarian cancer cell line, withsiGralues of 6.2 + 0.9 and 4.3 £+ 1.M, respectively.
However, their modest antiproliferative activityhieh implied cytotoxicity, and lack of synthetic
accessibility decreased their appeal as lead congsofor potential antimalarial agents. For these
reasons, the two modestly active new compouBdsgnd 6.7, 1ICso= 26 + 4 and 9 + M,
respectively) were more attractive for a studytaicure-activity relationships due to their low
cytotoxicities (IGo > 60 uM) and synthetic accessibility. Both compounds @ré1 acylated
derivatives of aloe-emodi®.6), and so a number of C-11 acylated aloe-emodiivateres were
prepared by standard methods to determine thebieysof developing derivatives with improved
antiplasmodial activity.

Antiplasmodial activity data on the isolated natymaducts showed that compoudd, the

para-hydroxycinnamate derivative of aloe-emod@byf, is 6.7 times more poterthan 6.5, and
this compound was thus selected as the lead cordpourihe present SAR study. Various acyl
derivatives of aloe-emodin were then prepared bgtren of the commercially available natural
product aloe-emodir6(5) with a variety of organic acids, with 1-ethyl-3-imethylaminopropyl)
carbodiimide (EDCI) as the coupling reagent. Thactien products were purified by column
chromatography and their structures were confirimgdH and**C NMR spectroscopy, and by

HR-ESHFMS. The resulting compounds and their antiplasmaditivities are listed iffable 6.3.
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OH O OH

EDCI, DMAP, CH,Cl,

S

o

RCOOH, 5 min, RT

OH O OH
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b
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Scheme 6.2 Synthetic routes of aloe-emodin derivatives

Table 6.3 Antiplasmodial Activity of Natural and Synthetic@d-emodin Derivatives

Cpd Structure 16 (LM) Cpd Structure 16 (LM)
OH O OH OH O OH
6.4 ~58 6.21 O - °w0( 1242
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Inspection of the results of this study ledhe following conclusions:
(i) Acetylation of the primary alcohol of aloe-emodin dlightly increased antiplasmodial

activity, while acetylation of the hydrogen-bonded hydroxy group might have a rever se effect.

The C-11 monoacetat6.13, ICso= ~ 42uM) displayed slightly better antiplasmodial actyvit
than aloe-emodin (I§g= ~ 42uM), while the mixture of the C-1, C-11 and C-8, C-diacetates
(6.14, IC5o= ~ 60uM) was slightly less potent than aloe-emodin. Teisult suggested that the
presence of the hydrogen-bonded hydroxy groups tnfighmportant for antiplasmodial activity,
and so acylation of the primary alcohol (C-11) lokaemodin was selected as the modification of
choice for investigation.

(if) The phenyl group and the non-aromatic carbon-carbon double bond are both important
functional groups for increasing the antiplasmodial activity.

To explore whether acylation of the primary alcomoight increase potency, the C-11
crotonate, benzoate, phenylpropionate and cinnachateatives were synthesized. Cinnamate
6.18 (IC5018 + 2 uM) displayed the highest activity among the folenboates.15 (IC50= 32+ 2
uM), phenylpropionaté.17 (ICso~ 36uM), and crotonaté.16, (ICso~ 45uM) were all less potent.
Although cinnamaté.18 displayed the highest activity among all four atstbderivatives, it was
only approximately half as potent as the 4-hydroxyramates.7 (kniphofione B), indicating that
the hydroxy group at the C-4' of the phenyl graaip contributor to the higher activity.

(iii) The position and number of oxygenations on the phenyl group influences antiplasmodial
activity.

The influence of the type of oxygenationG#' of the phenyl ring on antiplasmodial activity
was investigated by the synthesis of 4-methoxybatez®.19 (ICsp = 22 = 2 uM),

4-methoxycinnamaté.20 (ICspo= 4.9+ 0.7uM), 4-acetoxycinnamat@21 (ICsp= 12+ 2 uM), and

4-acetoxybenzoa®2?2 (IC5p= 30+ 2 uM). 4-Methoxycinnamate derivati&20 was more potent
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than kniphofione B(6.7) and 6.21, with hydroxycinnamate and acetoxycinnamate groups
respectively. Similar results were observed for toeresponding benzoate derivatives. The
methoxy group is thus important for activity andsvelected as the oxygenated moiety for further
study.

Compound$.25 and6.26 were then synthesized to investigate the influeidke number of
methoxy groups on the phenyl ring of the cinnantatepotency. The 3,4-dimethoxycinnamate
6.25 (IC50= 1.3% 0.2uM) was more potent than both the 4-methoxycinnar62@ (ICso= 4.9+
0.7 uM) and the 3,4,5-trimethoxycinnamae26 (ICso= 2.7 £ 0.4 uM), suggesting that two
methoxy groups on the cinnamate provided the beshgy.

Finally, to understand what effect the positionthefmethoxy groups on the cinnamate phenyl
ring might have, 2,3-dimethoxycinnamate 6.20), 2,4-dimethoxycinnamate 6.¢8),
2,5-dimethoxycinnamate630), and 3,5-dimethoxycinnamates.Z7) were synthesized and
evaluated. 3,4-Dimethoxycinnamae2b) was the most potent of these compounds, andikasim
response was observed from 3,4-methylenedioxyciat@@®31, ICso= 1.9+ 0.3uM), suggesting
that alkoxylation on the 3' and 4' positions of pixenyl group favorably influences antiplasmodial
activity.

In summary, this SAR study showed that esterifocatof the primary hydroxyl group of
aloe-emodin@.5) with various carboxylic acids increased its dasmodial activity, with the most
potent analogue being the 3,4-dimethylcaffeic deidvative 6.25), with an IGgvalue of 1.3t 0.2
uM (Table 6.3). This analogue displays 7 and 20 times the pgtehthe two new natural products
isolated 6.6 and6.7), and 42 times than that of aloe-emodirb).

Although aloe-emodin6(5) has previously been identified as an anticangeng® *° and

might thus be thought to have little potential ttavelopment as an antiplasmodial agent, our
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bioassay data indicated that the acylation of thegry alcohol of aloe-emodin resulted in the
increase of antiplasmodial activity (Dd2 assaygoacpanied by a decrease of antiproliferative
activity (A2780 assay). This observation indicates thah&rmriodifications of the C-11 hydroxyl
group of aloe-emodin have the potential to yieldip@smodial agents with little or no

antiproliferative activity.

6.3 Experimental Section
6.3.1General Experimental Procedures.

UV and IR spectroscopic data were measured onmdiziu UV-1201 spectrophotometer and
a MIDAC M-series FTIR spectrophotometer, respetyivdMR spectra were recorded in CRCI
on Bruker Avance 500 or 600 spectrometers. The warshifts are given i (ppm), and
coupling constantsJf are reported in Hz. Mass spectra were obtainedarorAgilent 6220

LC-TOFMS in the positive and negative ion mode.

6.3.2Antiproliferative Bioassay
Antiproliferative activities were obtained atir§inia Polytechnic Institute and State
University against the drug-sensitive A2780 humasarian cancer cell line as previously

described®

6.3.3Antiplasmodial Bioassay
The effect of each fraction and pure compoumgbarasite growth of the. falciparum Dd2
strain was measured in a 72 h growth assay inrgsepce of drug as described previously with

minor modificationg>?® Briefly, ring stage parasite cultures (20Q per well, with 1%
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hematocrit and 1% parasitemia) were grown for T2 the presence of increasing concentrations
of the drug in a 5.05% C0H4.93% Q, and 90.2% Blgas mixture at 37 °C. After 72 h in culture,
parasite viability was determined by DNA quantiatiusing SYBR Green | (50L of SYBR
Green | in lysis buffer at 0.4L of SYBR Green | /mL of lysis buffer). The half-xienum
inhibitory concentration (I6) calculation was performed with GraFit softwaréngsnonlinear
regression curve fitting. Kg values are the average of three independent detions with

each determination in duplicate and are expresseii.

6.3.4Plant Material

Plant collection oK. ensifolia Baker (Asphodelaceae) was made in April 1999 gnab
Mariepskop in the Pilgrims Rest district, State Myppumalanga, South Africa, by Prof. P. C.
Zietsman under the auspices of the New York Bowr®arden, accession number Z03796a. A
voucher specimen is deposited in the New York BotdiGarden and also at BLFU (Bloemfontein

Free University, South Africa).

6.3.5Extraction and Isolation

The dried and powdered whole plant (100 g)Kofiphofia ensifolia was exhaustively
extracted with EtOH (2 1 L) in two 24-hour percolation steps; succesgaetition of the
concentrated extract with hexanes and,Clk gave an active CiEl, fraction. 0.75 g of the
original EtOH extractdesignated 60031-9D, was shipped to Virginia Texhbfoassay-guided
isolation. A 0.60 g sample of 60031-9D £®.0 ug/mL) was suspended in aqueous MeOH
(MeOH/HO, 9:1, 100 mL), and extracted with hexanes (3 8 dfl.). The aqueous layer was

diluted to 60% MeOH (v/v) with bO and extracted with Ci&l, (3 x 150 mL). The hexanes
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fraction was evaporated in vacuo to leave 108 mgaterial with IG, value between 5 and 10
ug/mL. The residue from the GBI, fraction (20.7 mg) was the most active fractionihg an 1Gg
value between 2.5 andug/mL. The remaining aqueous MeOH fraction had aj Value of more
than 10ug/mL. The hexanes and GEl, fractions were combined due to the similarity lodit
TLC pattern.

The combined hexanes and LLH fractions were divided into five fractions by Sapkx
LH-20 size exclusion open column chromatographye frtost active fraction (F4, 28.6 mg) had
an 1G value of 2.5ug/mL. Fraction F4 was then applied to a silica gglumn eluted with
hexanes/EtOAc, 7:3 to give six fractions. Fractbf is the compoun@.4 (0.3 mg, 1G, ~ 58
uM) and fraction 4-5 is the compousd (2.6 mg, 1Go 1.1 + 0.2uM). The most active fraction
4-2 (1.8 mg, 1Gy 0.27 ug/mL), was subjected to1&HPLC using a MeCN and J@ gradient as
the solvent system to yield four known active comats: compoun®.9 (0.3 mg, 1G9 0.4 £ 0.1
uM), compounds.10 (0.9 mg, 1Go 0.2 = 0.1uM), compounds.11 (0.3 mg, G 10 = 2uM) and
compound6.12 (0.3 mg, IGo 10 = 2 uM), with retention times of 21.3, 26.0, 28.5 and231
minutes, respectively. @ HPLC of fraction 4-3 (2.2 mg, Kg 5 ug/mL) gave compoun@.5 (0.5
mg, 1Gso ~ 55uM), as well as compounds6 (0.7 mg, 1Go 26 + 4uM) and6.7 (1.0 mg, 1Go 9

1 uM), with retention times of 8.5, 18.0 and 21.2 mesy respectively.

6.3.6(1,8-dihydroxy-9,10-dioxo-9,10-di hydroanthracen-3-yl )methyl 4-hydroxybenzoate (6.6,
kniphofione A)

Yellow-orange powder; UV (MeOH)max (€) 257 (1.6), 289 (0.5), 432 (0.5); WRaxCm™:
3390, 2915, 2343, 1673, 1621, 1450, 1277, 1116 ¢tNMR (600 MHz, CDCJ), and™*C NMR

(150 MHz, CDC}), seeTable 6.1; HR-ESFMS m/z 425.0451 [M+CI] (calc. for G,H14CIO;,
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425.0434) and 389.0688 fNH]~ (calcd for GH150;7 7, 389.0667).

6.3.7(E)-(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methyl 3-(4-hydroxyphenyl)
acrylate (6.7, kniphofione B)

Yellow-orange powder; UV (MeOH)max (€) 259 (1.2), 289 (1.4), 310 (0.9), 433 (0.6); IR
VmaxCM': 3390, 2916, 2362, 1706, 1627, 1603, 1450, 12681 1cm"; 'H NMR (600 MHz,
CDCl), and®™®C NMR (150 MHz, CDGJ), seeTable 6.1; HR-ESFMS m/z 439.0806 [M+Nal]

(calcd for G4H1eNaO;", 439.0788) and17.0986 [M+HTJ (calc. for GsH170;", 417.0969)

6.3.8General Procedure for Synthesis of Ester Derivatives of Aloe-emodin 2*

Substituted benzoic acids or cinnamic acids (@mol) in dry CHCI, (0.2 mL) were treated
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimid&DCI, 20.6 mg, 0.1 mmol) and DMAP
(1.0 mg, 0.006 mmol). The mixtures were stirrecbatm temperature for 5 minutes. Aloe-emodin
(2, 5.4 mg, 0.02 mmol) was added, and stirring waicoed at room temperature until the starting
compound was consumed. The resulting solution wiaged with EtOAc (10 mL) and
concentrated on a rotary evaporator. The final batezand cinnamate derivatives of aloe-emodin

were purified by using preparative TLC (silica ggd00um; hexanes/EtOAc, 4:1).

6.3.9(1,8-dihydroxy-9,10-dioxo-9,10-dihydr oanthracen-3-yl )methyl acetate (6.13):
Yellow-orange powder, 4.5 mg, yield 72%;, = 0.36 (hexanes/EtOAc, 4:1); HESFMS

m/z 313.0711 [M+H] (calc. for G/H1306", 313.0707)H NMR (500 MHz, CDCY) 64 12.01 (s,

1H), 11.98 (s, 1H), 7.78 (dd= 7.5, 1.1 Hz, 1H), 7.72 (d= 1.6 Hz, 1H), 7.63 (dd,= 8.2, 7.6 Hz,

1H), 7.25 (dd) = 8.4, 1.1 Hz, 1H), 7.20 (d,= 1.6 Hz, 1H), 5.12 (s, 2H), 2.12 (s, 3H}c NMR

127



(126 MHz, CDC}) oc 192.7, 181.5, 170.5, 162.8, 162.6, 146.4, 13R3,9, 133.51, 124.8, 122.4,

120.2, 118.5, 115.8, 115.3, 64.7, 20.8.

6.3.10 Mixture of (1-acetoxy-8-hydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl)methyl acetate
and (8-acetoxy-1-hydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methyl acetate (6.14):
Yellow-orange powder, 6.9 mg, yield 95%;, = 0.46 (hexanes/EtOAc, 4:1); HESFMS
m/z 355.0815 [M+H] (calc. for GgH150;", 355.0812)H NMR (500 MHz, CDCY) 64 12.57 (s,
1H), 12.55 (s, 1H), 8.28 (dd= 7.8, 1.3 Hz, 1H), 8.22 (d,= 1.0 Hz, 1H), 7.82 (dd,= 8.0, 7.9 Hz,
1H), 7.81 (ddJ = 7.5, 1.2 Hz, 1H), 7.75(d,= 1.6 Hz, 1H), 7.66 (dd,= 8.3, 7.6 Hz, 1H), 7.43 (dd,
J=8.0, 1.3 Hz, 1H), 7.40 (d,= 1.8 Hz, 1H), 7.26 (d] =1.0 Hz, 1H), 5.24 (s, 2H), 5.17 (s, 2H),

2.48 (s, 3H), 2.48 (s, 3H), 2.19 (s, 3H), 2.1B).

6.3.11(1,8-dihydroxy-9,10-dioxo-9,10-di hydr oanthracen-3-yl )methyl benzoate (6.15):

Yellow-orange powder, 4.0 mg, yield 53%;, = 0.32 (hexanes/EtOAc, 4:1); HESFMS
Mz 375.0866 [M+H] (calc. for G;H1506", 375.0863)*H NMR (500 MHz, CDCY) dy 12.11 (s,
1H), 12.06 (s, 1H), 8.12 (dd= 8.4, 1.3 Hz, 2H), 7.89 (d,= 1.6 Hz, 1H), 7.85 (dd,= 7.5, 1.1 Hz,
1H), 7.71 (dd) = 8.2, 7.6 Hz, 1H), 7.61 (,= 7.5, 1.3 Hz, 1H), 7.49 @,= 7.8, 2H), 7.32 (dd] =
8.4, 1.0 Hz, 1H),, 5.46 (s, 2H])3,C NMR (125 MHz, CD(J) éc 192.7, 181.5, 166.0, 162.8, 162.6,
146.6, 137.3, 133.9, 133.8, 133.5, 130.1, 129.8,6,2124.8, 122.4, 120.2, 118.5, 115.8, 115.3,

65.1.

6.3.12(E) - 1,8-dihydroxy-9,10-dioxo-9,10-dihydr oanthracen-3-yl )methyl-but-2-enoate (6.16):

Yellow-orange powder, 3.8 mg, yield 56%;, = 0.48 (hexanes/EtOAc, 4:1); HESFMS
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m/z 339.0865 [M+H] (calc. for GoH1506", 339.0863)*H NMR (500 MHz, CDCY) 6 12.09 (s,
1H), 12.07 (s, 1H), 7.85 (dd= 7.6, 1.1 Hz, 1H), 7.80 (d,= 1.6 Hz, 1H), 7.70 (dd,= 8.2, 7.8 Hz,
1H), 7.32 (dd,) = 8.4, 1.1 Hz, 1H), 7.29 (d,= 1.6 Hz, 1H), 7.10 (dd] = 15.5, 7.0 Hz, 1H), 5.96
(dd,J = 15.6, 1.6 Hz, 1H), 1.94 (dd= 6.9, 1.6 Hz, 3H); *C NMR (125 MHz, CDGJ) 6 192.7,
181.6, 166.4, 162.8, 162.6, 146.8, 146.4, 137.3,8,3.33.6, 124.8, 122.3, 121.9, 120.2, 118.4,

115.8, 115.2, 64.4, 18.2.

6.3.13(1,8-dihydroxy-9,10-dioxo-9,10-dihydr oanthracen-3-yl )methyl-3-phenyl propanoate (6.17):
Yellow-orange powder, 2.9 mg, yield 36%;, = 0.42 (hexanes/EtOAc, 4:1); HESFMS

m/z 403.1146 [M+H] (calc. for G4H160s, 403.1176)H NMR (500 MHz, CDCJ) dy 12.07 (s,

1H), 12.06 (s, 1H), 7.85 (dd= 7.6, 1.1 Hz, 1H), 7.76 (d,= 1.6 Hz, 1H), 7.70 (dd,= 8.3, 7.8 Hz,

1H), 7.32 (dd,J = 8.4, 1.1 Hz, 1H), 7.29 (d,= 1.6 Hz, 1H), 7.28 (m, 2H), 7.21 (m, 3H), 5.18 (s

2H), 3.01 (dJ = 7.8 Hz, 2H), 2.77 (d] = 7.8 Hz, 2H);**C NMR (125 MHz, CDGJ) éc 192.7,

181.5, 172.4, 162.8, 162.6, 146.4, 140.1, 137.3,9.3.33.5, 128.6, 128.3, 126.4, 124.8, 122.5,

120.2, 118.6, 115.8, 115.3, 64.7, 35.7, 30.9.

6.3.14(1,8-dihydroxy-9,10-dioxo-9,10-di hydr oanthracen-3-yl )methyl cinnamate (6.18):
Yellow-orange powder, 3.5 mg, vyield 44%;, = 0.38 (hexanes/EtOAc, 4:1); HESFMS
Mz 401.1031 [M+H] (calc. for G4H1706", 401.1020)*H NMR (500 MHz, CDCY) dy 12.03 (s,
1H), 12.00 (s, 1H), 7.79 (dd= 7.5, 1.1 Hz, 1H), 7.79 (d,= 1.6 Hz, 1H), 7.73 (d} = 16.0 Hz, 1H),
7.64 (ddJ = 8.3, 7.6 Hz, 1H), 7.50 (m, 2H), 7.35 (m, 3HR77(d,J = 1.6 Hz, 1H), 7.25 (dd,= 8.4,
1.1 Hz, 1H), 6.48 (d] = 16.0 Hz, 1H), 5.27 (s, 2H);*C NMR (125 MHz, CDGJ) 6c 192.7, 181.6,

166.4, 162.8, 162.6, 146.7, 146.2, 137.3, 134.3,9.3133.6, 130.6, 129.0, 128.3, 124.8, 122.4,
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120.2, 118.6, 117.0, 115.4, 115.3, 64.7.

6.3.15(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthr acen-3-yl )methyl 4-methoxybenzoate (6.19):
Yellow-orange powder, 4.4 mgq, yield 54%, = 0.40 (hexanes/EtOAc, 4:1); HESFMS

m/z 405.0971 [M+H] (calc. for GsH170;", 405.0969)H NMR (500 MHz, CDCY) 64 12.10 (s,

1H), 12.07 (s, 1H), 8.08 (d,= 8.9 Hz, 2H), 7.88 (dl = 1.5 Hz, 1H), 7.85 (dd,= 7.5, 1.0 Hz, 1H),

7.70 (ddJ = 8.1, 7.8 Hz, 1H), 7.37 (d,= 1.5 Hz, 1H), 7.32 (dd} = 8.4, 1.0 Hz, 1H), 6.96 (d,=

8.9 Hz, 2H), 5.42 (s, 2H), 3.88 (s, 3HC NMR (125 MHz, CDGJ) 5c 192.7, 181.6, 165.7, 164. 9,

162.8, 162.6, 146.9, 137.3, 134.1, 133.6, 131.4,8222.3, 121.7, 120.2, 118.5, 115.8, 115.3,

113.8, 64.8, 55.5.

6.3.16(E)-(1,8-dihydroxy-9,10-diox0-9,10-dihydroanthraceiygnethyl 3-(4-methoxyphenyl)
acrylate(6.20):

Yellow-orange powder, 3.5 mg, vyield 41%;, = 0.36 (hexanes/EtOAc, 4:1); HESFMS
Mz 431.1133 [M+H] (calc. for GsH1g07", 431.1125)H NMR (500 MHz, CDCY) oy 12.02 (s,
1H), 12.00 (s, 1H), 7.79 (dd= 7.4, 1.1 Hz, 1H), 7.78 (d,= 1.6 Hz, 1H), 7.68 (d] = 16.0 Hz, 1H),
7.63 (ddJ = 8.3, 7.7 Hz, 1H), 7.45 (d,= 8.8 Hz, 2H), 7.27 (d] = 1.6 Hz, 1H), 7.25 (dd} = 8.4,
1.1 Hz, 1H), 6.86 (d] = 8.8 Hz, 2H), 6.34 (dl = 16.0 Hz, 1H), 5.26 (s, 2H), 3.78 (s, 3¢ NMR
(125 MHz, CDC}) 6c 192.7, 181.6, 166.7, 162.8, 161.7, 159.8, 14&19,8, 137.3, 133.9, 133.6,

130.0, 126.9, 124.8, 122.4, 120.2, 118.5, 118.2,811115.3, 114.4, 64.6, 55.5.
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6.3.17(E)- (1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl)methyl 3-(4-acetoxyphenyl)
acrylate (6.21):

Yellow-orange powder, 3.8 mg, yield 41%;, = 0.34 (hexanes/EtOAc, 4:1); HESFMS
m/z 459.1079 [M+H] (calc. for GeH160s", 459.1074)H NMR (600 MHz, CDC}J) 64 12.09 (s,
1H), 12.06 (s, 1H), 7.86 (dd= 7.4, 1.1 Hz, 1H), 7.85 (d,= 1.6 Hz, 1H), 7.76 (d = 16.0 Hz, 1H),
7.70 (ddJ = 8.3, 7.7 Hz, 1H), 7.58 (d,= 8.7 Hz, 2H), 7.35 (dl = 1.6 Hz, 1H), 7.32 (dd = 8.4,
1.1 Hz, 1H), 7.15 (d] = 8.6 Hz, 2H), 6.50 (dl = 16.0 Hz, 1H), 5.33 (s, 2H), 2.32 (s, 3t} NMR
(150 MHz, CDC}) éc 192.8, 181.6, 169.2, 166.3, 162.9, 162.7, 15246,7, 145.1, 137.4, 134.0,

133.7, 132.0, 129.5, 124.9, 122.6, 122.3, 120.8,71117.3, 115.9, 115.4, 64.9, 21.2.

6.3.18 (1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl)methyl 4-acetoxybenzoate (6.22):
Yellow-orange powder, 4.2 mg, yield 49%;, = 0.36 (hexanes/EtOAc, 4:1); HESFMS

Mz 433.0935 [M+H] (calc. for G4H170s", 433.0918)H NMR (600 MHz, CDCY) dy 12.09 (s,

1H), 12.05 (s, 1H), 8.15 (d,= 8.9 Hz, 2H), 7.87 (dl = 1.6 Hz, 1H), 7.85 (dd,= 7.5, 1.0 Hz, 1H),

7.70 (ddJ = 8.1, 7.8 Hz, 1H), 7.36 (d,= 1.6 Hz, 1H), 7.32 (dd} = 8.4, 1.0 Hz, 1H), 7.22 (d,=

8.9 Hz, 2H), 5.44 (s, 2H), 2.33 (s, 3} NMR (150 MHz, CDGJ) éc 192.7, 181.6, 167.7, 164.3,

162.8, 162.6, 158.4, 143.5, 137.4, 134.1, 133.3,5913127.0, 124.9, 122.5, 121.9, 120.3, 118.6,

115.7, 115.3, 65.3, 21.3.

6.3.19(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl)methyl 3,4-dimethoxybenzoate
(6.23):
Yellow-orange powder, 4.7 mg, yield 54%;, = 0.45 (hexanes/EtOAc, 4:1); HESFMS

Mz 435.1084 [M+H] (calc. for GsH140s", 435.1074)*H NMR (500 MHz, CDCJ) 5y 12.10 (s,
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1H), 12.06 (s, 1H), 7.89 (d= 1.6 Hz, 1H), 7.85 (dd,= 7.5, 1.1 Hz, 1H), 7.78 (dd= 8.4, 2.0 Hz,
1H), 7.77 (ddJ = 8.2, 7.8 Hz, 1H), 7.60 (d,= 2.0 Hz, 1H), 7.36 (d] = 1.6 Hz, 1H), 7.32 (dd] =
8.4,1.1 Hz, 1H), 6.93 (d,= 8.5 Hz, 1H), 5.43 (s, 2H), 3.96 (s, 613¢ NMR (125 MHz, CDG) 5c
192.7, 181.6, 165.8, 162.8, 162.6, 153.4, 148.8,914.37.3, 133.91, 133.5, 124.8, 124.0, 122.4,

121.8, 120.2, 118.5, 115.8, 115.3, 112.1, 110.4),&.1.

6.3.20(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methyl 3,4,5-trimethoxybenzoate
(6.24):

Yellow-orange powder, 5.1 mg, yield 55%;, = 0.52 (hexanes/EtOAc, 4:1); HESFMS
m/z 465.1187 [M+H] (calc. for GsH»10s", 465.1180)H NMR (500 MHz, CDC}) 64 12.09 (s,
1H), 12.05 (s, 1H), 7.89 (d,= 1.6 Hz, 1H), 7.85 (dd,= 7.5, 1.1 Hz, 1H), 7.70 (dd= 8.2, 7.7 Hz,
1H), 7.35 (s, 2H), 7.33 (d,= 1.6 Hz, 1H), 7.32 (dd,= 8.4, 1.1 Hz, 1H), 5.44 (s, 2H), 3.93 (s, 9H);
13C NMR (125 MHz, CDG)) 6c 192.7, 181.5, 165.7, 162.8, 162.6, 159.8, 153486, 137.4,

134.0, 133.5, 124.8, 124.3, 122.5, 120.2, 118.5,811115.4, 107.1, 65.2, 61.0, 56.3.

6.3.21 (E) «(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthr acen-3-yl ) methyl -3-(3,4-dimethoxy
phenyl) acrylate (6.25):

Yellow-orange powder, 4.2 mg, yield 46%;, = 0.40 (hexanes/EtOAc, 4:1); HESFMS
m/z 461.1245 [M+H] (calc. for GeH210s", 461.1231)H NMR (500 MHz, CDCY)) 64 12.02 (s,
1H), 11.99 (s, 1H), 7.78 (d,= 1.6 Hz, 1H), 7.78 (dd,= 7.6, 1.1 Hz, 1H), 7.66 (d,= 15.9 Hz, 1H),
7.63 (ddJ=8.3, 7.6 Hz, 1H), 7.27 (d,= 1.6 Hz, 1H), 7.25 (dd,= 8.4, 1.1 Hz, 1H), 7.07 (dd =
8.3, 1.9 Hz, 1H), 7.02 (d,= 1.9 Hz, 1H), 6.82 (d] = 8.3 Hz, 1H), 6.35 (d] = 15.9 Hz, 1H), 5.26

(s, 2H), 3.87 (s, 3H), 3.86 (s, 3HYC NMR (125 MHz, CDG)) §c 192.7, 181.7, 166.7, 162.8,
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162.7, 151.4, 149.3, 146.9, 146.1, 137.3, 133.8,6,3127.1, 124.8, 123.0, 122.4, 120.2, 118.5,

115.8, 115.3, 114.6, 111.0, 109.6, 64.6, 56.0,.55.9

6.3.22(E) «(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl ) methyl 3-(3,4,5-trimethoxy
phenyl) acrylate (6.26):

Yellow-orange powder, 4.5 mg, vyield 46%;, = 0.46 (hexanes/EtOAc, 4:1); HESFMS
Mz 491.1352 [M+H] (calc. for G/H»30s", 491.1337);"H NMR (500 MHz, CDC}) 5,4 12.04 (s,
1H), 11.99 (s, 1H), 7.80 (d,= 1.6 Hz, 1H), 7.79 (ddl = 7.6, 1.1 Hz, 1H), 7.64 (dd,= 8.3, 7.6
Hz, 1H), 7.63 (dJ = 15.9 Hz, 1H), 7.28 (dl = 1.6 Hz, 1H), 7.26 (dd} = 8.4, 1.1 Hz, 1H), 6.73 (s,
2H), 6.39 (dJ = 15.9 Hz, 1H), 5.27 (s, 2H), 3.84 (s, 6H), 3.833H);°C NMR (125 MHz, CDGJ)
oc 192.7, 181.6, 166.3, 162.8, 162.6, 153.5, 14618,11, 140.4, 137.3, 133.9, 133.5, 129.6, 124.8,

122.4, 120.2, 118.5, 116.2, 115.8, 115.3, 105.4,,@4..0, 56.2.

6.3.23(E) «(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methyl 3-(3,5-dimethoxy
phenyl) acrylate (6.27):

Yellow-orange powder, 3.5 mg, yield 38%;, = 0.40 (hexanes/EtOAc, 4:1); HESFMS
Mz 461.1224 [M+H] (calc. for GeH210s", 461.1231)*H NMR (600 MHz, CDCY) dn 12.09 (s,
1H), 12.06 (s, 1H), 7.86 (dd= 7.6, 1.1 Hz, 1H), 7.85 (d,= 1.6 Hz, 1H), 7.70 (dd,= 8.3, 7.6 Hz,
1H), 7.70 (d,J = 15.9 Hz, 1H), 7.33 (d} = 1.6 Hz, 1H), 7.32(dd} = 8.4, 1.1 Hz, 1H), 6.70 (d,=
2.2 Hz, 2H), 6.52 (t) = 2.3 Hz, 1H), 6.51(d] = 15.9 Hz, 1H), 5.33 (s, 2H), 3.83 (s, 6LfC NMR
(150 MHz, CDC}) 6c 192.8, 181.7, 166.4, 162.7, 161.2, 146.8, 14@3,5, 136.1, 134.1, 133.7,

124.9, 122.6, 120.3, 118.7, 117.7, 116.0, 115.6,2,A.03.2, 77.2, 64.9, 55.5.
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6.3.24(E) (1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methyl 3-(2,4-dimethoxy
phenyl) acrylate (6.28):

Yellow-orange powder, 4.3 mg, vield 47%;, = 0.40 (hexanes/EtOAc, 4:1); HESFMS
Mz 461.1212 [M+H] (calc. for GeH2.0s", 461.1231)*H NMR (600 MHz, CDCY) dy 12.08 (s,
1H), 12.07 (s, 1H), 8.01 (d,= 16.1 Hz, 1H), 7.85 (dd,= 7.7, 1.1 Hz, 1H), 7.85 (d,= 1.6 Hz, 1H),
7.70 (ddJ = 8.2, 7.7 Hz, 1H), 7.47 (d,= 8.6 Hz, 1H), 7.34 (d] = 2.3 Hz, 1H), 7.32 (dd} = 8.4,
1.1 Hz, 1H), 6.54 (d] = 16.1 Hz, 1H), 6.53, 6.53, 6.52 (ddk 8.6, 2.3 Hz, 1H), 6.47 (d,= 2.3 Hz,
1H), 5.32 (s, 2H), 3.89 (s, 3H), 3.85 (s, 3HE NMR (150 MHz, CDGJ) 6c 192.7, 181.6, 167.3,
163.0, 162.6, 160.1, 147.2, 146.8, 141.6, 137.33.8] 133.6, 130.9, 124.7, 122.4, 120.1, 118.6,

118.3, 116.4, 115.9, 114.8, 105.3, 98.5, 64.4,.55.5

6.3.25(E) «(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methyl 3-(2,3-dimethoxy
phenyl) acrylate (6.29):

Yellow-orange powder, 4.1 mg, yield 45%;, = 0.40 (hexanes/EtOAc, 4:1); HESFMS
Mz 461.1242 [M+H] (calc. for GeH»10s", 461.1231);*H NMR (600 MHz, CDC}) 4 12.08 (s,
1H), 12.06 (s, 1H), 8.12 (d,= 16.2 Hz, 1H), 7.86 (d,= 1.6 Hz, 1H), 7.85 (dd,= 7.4, 1.1 Hz, 1H),
7.70 (ddJ= 8.3, 7.6 Hz, 1H), 7.34 (d,= 1.6 Hz, 1H), 7.32 (dd, = 8.4, 1.1 Hz, 1H), 7.20 (dd=
7.9, 1.2 Hz, 1H), 7.08 (8,= 8.0 Hz, 1H), 6.97 (ddl = 8.1, 1.3 Hz, 1H), 6.59 (d,= 16.2 Hz, 1H),
5.34 (s, 2H), 3.89 (s, 6HY’C NMR (150 MHz, CDGJ) 6c 192.7, 181.5, 166.6, 162.8, 162.6, 153.2,
148.7, 146.8, 141.0, 137.3, 133.9, 133.6, 128.3,71224.2, 122.4, 120.2, 119.4, 118.5, 118.3,

115.8, 115.3, 114.3, 64.7, 61.4.
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6.3.26(E) —(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methyl 3-(2,5-dimethoxy
phenyl) acrylate (6.30):

Yellow-orange powder, 3.4 mg, vyield 37%;, = 0.36 (hexanes/EtOAc, 4:1); HESFMS
M/z461.1211 [M+H] (calc. for GgH210s", 461.1231)*H NMR (600 MHz, CDCY}) § 12.07 (s, 1H),
12.06 (s, 1H), 8.07 (d = 16.1 Hz, 1H), 7.86 (dl = 1.6 Hz, 1H), 7.85 (dd] = 7.4, 1.1 Hz, 1H),
7.70 (ddJ = 8.3, 7.6 Hz, 1H), 7.34 (d,= 1.6 Hz, 1H), 7.32 (dd} = 8.4, 1.1 Hz, 1H), 7.07 (d,=
3.0 Hz, 1H), 6.93 (dd] = 9.0, 3.0 Hz, 1H), 6.87 (d,= 9.0 Hz, 1H), 6.62 (dl = 16.1 Hz, 1H), 5.33
(s, 2H), 3.86 (s, 3H), 3.81 (s, 3HJC NMR (150 MHz, CDGJ) éc 192.8, 181.7, 166.9, 163.0,
162.7, 153.7, 153.2, 147.1, 141.6, 137.4, 134.8,73124.9, 123.8, 122.6, 120.3, 118.7, 117.8,

116.0, 115.4, 113.5, 112.7, 77.2, 64.8, 56.2.

6.3.27(E) «(1,8-dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl )methy 3-(3,4-methylene
dioxyphenyl) acrylate (6.31):

Yellow-orange powder, 4.0 mg, yield 53%;, = 0.32 (hexanes/EtOAc, 4:1); HESFMS
Mz 445.0912 [M+H] (calc. for GsH170s", 445.0918); H NMR (500 MHz, CD§)IH NMR (500
MHz, CDCk) dy 12.09 (s, 1H), 12.07 (s, 1H), 7.86 (d= 1.6 Hz, 1H), 7.85 (dd] = 7.4, 1.1 Hz,
1H), 7.70 (dd,) = 8.3, 7.6 Hz, 1H), 7.69 (d,= 15.9 Hz, 1H), 7.33 (d| = 1.6 Hz, 1H), 7.32 (dd}
=8.4, 1.1 Hz, 1H), 7.07 (d,= 1.7 Hz, 1H), 7.04 (dd,= 8.0, 1.7 Hz, 1H), 6.83 (d,= 8.0 Hz, 1H),
6.37 (d,J = 15.9 Hz, 1H), 6.02 (s, 2H), 5.32 (s, 2EC NMR (125 MHz, CDGJ) 6c 192.8, 181.7,
166.7, 163.0, 162.8, 150.1, 148.6, 147.0, 141.8,51334.0, 133.7, 128.7, 125.0, 124.9, 122.6,

120.3, 118.7, 116.0, 115.4, 115.1, 108.8, 106.8,8,®4.8.
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Chapter 7. Miscellaneous Natural Products Studied

7.1 Introduction

During the search for novel anticancer andnaalarial agents, some extracts yielded only
known compounds. These known compounds isolated frarious species are reported in this
chapter, in order to provide a complete record h&f work that has been done, and also to

document the botanical sources of the isolated comgbs.

7.2 Extract Sudied
7.2.10ctolepis ibityensiStem (Thymelaeaceae)

The crude extract of stems Ottolepis ibityensihiad an 1G, value 13ug/mL against the
A2780 cell line. Liquidliquid partition from 2100 mg crude afforded 298 nmgthe CHClI,
fraction with an 1G, value of 2.4ug/mL. An LH-20 size exclusion open column (&,/MeOH,
1:1) was then applied for further separation, &d/four fractions, among which fraction 2 (117
mg) was the most active one, with and@alue of 0.43.g/mL. A normal phase silica gel column
(hexanes/EtOAc, 3:2) yielded fourteen fractionsur~eub-fractions (I to IV) displayed ig
values lower than 1.Qg/mL, and Fractions Il, 1ll, and IV were subjectel HPLC on a G
column to yield four known and active compoundsméthylapigenin 7.1)*, syringaresinol
(7.2)%, cucurbitacin B 7.3)* and cucurbitacin D7(4)*, with the 1G, values of 0.32, 2.4, 0.59 and

0.28ug/mL, respectively.
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7.3 7.4
7.2.2Polyscias floccosaeaf (Araliaceae)

The crude extract d?olyscias floccos#af had an Ig value 11ug/mL against A2780 cell
line. Liquid-liquid partition from 100 mg crude afforded 14.7 mghe CHCI, fraction with an
ICsp value of 2.4pg/mL. LH-20 size exclusion open column was thenliadpfor further
separation, obtaining three fractions, among wiriabtion 3 (14.8 mg) was the most active one,
with the 1G, values of 3.Qug/mL. A normal phase silica gel column was usedlitain eleven
fractions, among which fraction 5 and fraction @ afentified as the known and pure triterpene
saponins, cauloside A 76)° and hederagenin-®-a-S-arabinopyranosyl-(2)-a-L-

rhamnopyranoside7(6)°, with ICso values of 2.8 and 22y/mL, respectively.

7.5 7.6
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7.2.3Sterculia capuroniArenes Leaf (Sterculiaceae)

The crude extract @terculia capuroniiArenes leaf had an kgvalue 16ug/mL against the
A2780 cell line. Liquietliquid partition of 900 mg crude extract afforde®72mg in the
dichromethane fraction with an 4gvalue of 8.ug/mL. LH-20 size exclusion open column was
then applied for further separation, obtaining @ative fractions (F1: 63.5 mg, F2: 133.2 mg)
with the IGovalues of 8.7 and 8,8y/mL, respectively. Anormal phase silica gel cahwwvas used
to get 23 fractions from F2. Two sub-fractions (FRand F2-21) displayed d¢values of 8.9 and
5.0, respectively. F2-21 was subjected to anotliea gel column to yield two known triterpenes,

erythrodiol {.7)” and uvaol 7.8)%, which had IGovalues of 9.3 and 1dg/mL, respectively.

1.7 7.8
7.2.4Antiaris toxicariaFruit (Moraceae)
The crude extract &ntiaris toxicariafruit had an IGyvalue of 9ug/mL against the A2780
cell line. Liquid-liquid partition of 100 mg crude extract gave a3681g hexanes fraction with an
ICsovalue of 3ug/mL. A normal phase silica gel column (hexanes/AtO4:1) yielded seven

9 10 \which

fractions. Two sub-fractions (F4 and F5) were palieyl phenols 7.9 and 7.10),
displayed IG values of 7.1 and 80/mL, respectively.
OH
©/\R/\/\/\/\/\/\
79 R=H;
7.10 R= OH
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7.2.5Xerophyta retinervig\elloziaceae)

The crude extract oferophyta retinervihiad an IG value more than 2(g/mL against the
A2780 cell line. Liquigliquid partition of 100 mg of the crude extract ga®0.4 mg of hexanes
soluble fraction (1Go 14 ng/mL), 10.9 mg of the C¥l, fraction and 65.5 mg of the aqueous
MeOH fraction with 1@y values both more than 2@g/mL. LH-20 size exclusion column
chromatography of the hexanes fraction affordedirsigtions, of which the most active fraction
(3.4 mg) had an 1§ of 9.2ug/mL. This fraction was then applied to a silichg#gumn and eluted
with hexanes/EtOAc, 9:1 to yield a known pure stilbid 7.11** (2.9 mg), whose 16 is 2.9

pug/mL.

o
A O/

711

HO I

7.2.6Viridiflorum simsBalk (Pittosporum)

The crude extract dofiridiflorum simsBalk had an Igvalue 8.4ug/mL against the A2780
cell line. Liquid-liquid partition of 1 g crude afforded 711 mg iretikBuOH fraction with an 16
value of 8.1ug/mL. Separation on an HP-20 Diaion open column@Weand HO gradient) give
333 mg of an active fraction with ans§value of 9.7ug/mL. A normal phase silica gel column
(CHCIs/MeOH/H,0, 5:7:1) yielded 26 fractions, the second of whsttowed an 16y value of
0.77 ug/mL, while 11 fractions in the middle appearedb crystalline. These crystals are
believed to belong to members of triterpene-sapdammly of compounds. The separation was

discontinued due to the difficulties of further iigation.
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Chapter 8: Conclusions

8.1 Isolation of Bioactive Natural Products

In our continuing search for biologically a&iwnatural products from tropical dry and
rainforests as part of our engagement in an Intexma Cooperative Biodiversity Group (ICBG)
program and a collaborative research project astadd between Virginia Tech and the Institute
for Hepatitis and Virus Research (IHVR), more thi#teen plants were selected for initial
inspection. Nine of them were fractionated to yidlwurteen new and seventeen known
compounds, guided by antiproliferative activity emgathe A2780 human ovarian cancer cell line.
One antimalarial extract was selected for fractiomato yield two new and seven known

compounds, guided by antiplasmodial activity againe Dd2 strain olPlasmodium falciparum.

8.1.1Anticancer Extracts

Investigation of an endemic Madagascan planthef Uvaria genus for antiproliferative
activity against the A2780 ovarian cancer cell lied to the isolation of two new acetogenins,
uvaricin A and uvaricin Bwith modest antiproliferative activity against AZY8varian cancer
cells, with 1Gg values of 6.4+ 0.8uM and 8.8t 1.4uM, respectively.

Investigation of the endemic Madagascan pl&wrculia tavia (Malvaceae) for
antiproliferative activity against the A2780 ovarieancer cell line led to the isolation of two new
bioactive calamenene-type sesquiterpenoids, naavadr A andepi-tavinin A, together with the
known sesquiterpenoid mansonone G. The structures ¢ivin@ew compounds were confirmed

by de novo synthesis. The three isolated sesquiterpenoidsriatest antiproliferative activities
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against the A2780 ovarian cancer cell line, witkyNalues of 10t 0.9, 5.5+ 0.9, and 6.7+ 0.3
uM, respectively.

Investigation of the endemic Madagascan pNarhatostylis anthophylla (Rubiaceae) for
antiproliferative activity against the A2780 ovariaancer cell line led to the isolation of the
known triterpene saponin randianin and the two new bioactive trdéeg saponins
2"-O-acetylrandianinand 6"©O-acetylrandianin. The three isolated triterpessonins displayed
moderate antiproliferative activity, with igvalues of 2.2+ 0.2, 1.2+ 0.1 and 1.7 0.3 uM,
respectively, against the A2780 ovarian cancer.

Investigation of the South African pladtginea depressa Baker (Asparagaceae Juss.) for
antiproliferative activity against the A2780 ovarieancer cell line led to the isolation of the six
new homoisoflavonoids urgineanins® two known bufatrienolidesnd two new bufatrienolides
urginins B and C. Five homoisoflavonoids urgineanf&-E showed strong antiproliferative
activities against the A2780 ovarian cancer ceé lvith 1G; values of 0.32 0.05, 3.4+ 0.2, 1.35
+ 0.1, 0.35+ 0.06 and 1.44 0.08uM, respectively, while the less oxygenated analagnganin
F had a much lower activity, with an d¢€value of 23+ 1.2 uM. In addition, the four
bufatrienolideshad strong antiproliferative activities against saene cell line, with 1€ values of

24 £ 6, 11+ 2, 111+ 8 and 41 3 nM, respectively.

8.1.2Antimalarial Extracts
Bioassay guided separation of the South AfrigantKniphofia ensifolia for antiplasmodial

activity led to the isolation of two new anthragqumes, named kniphofiones A and B, together with
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three known bioactive anthraquinone monomers, aodKnown bisanthraquinones. Two of the
dimeric compounds displayed the strongest antipbasah activity among all the isolated
compounds, with 16 values of 0.4 0.1 and 0.2 0.1uM, respectively. The two new compounds
displayed modest activities, witlCso values of 26t 4 and 9+ 1 uM, respectively. Due to the
synthetic accessibility of the new compounds, aicstire-activity relationship study was
conducted. As a result, one analog of kniphofion¢hB 3,4-dimethoxycaffeic acid derivative of
aloe-emodin, was found to have the highest actamtyng all the aloe-emodin derivatives, with an

ICsp value of 1.3t 0.2uM.
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Appendix (1D, 2D NMR and CD Spectra)

'H NMR spectrum of 2.2 in CDCl3 (500 Hz)
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'H NMR spectrum of 2.3 in CDCl3 (500 Hz)

T4 T 7T0 T 6T6 T ﬁTZ T 5T8 T 5T4 T 5T0 T 4Tﬁ T 4T2 T 3T8 T 3T4 T STO T ZTﬁ T 2T2 T 1T8 T 1T4 T ‘lTO T OT
f1 (ppm)

3C NMR spectrum of 2.3 in CDCl5(125 Hz)
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'H NMR spectrum of 3.4 in acetone-dg (600 Hz)
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gHSQC spectrum of 3.4 in acetone-dg
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'H NMR spectrum of 3.5 in acetone-dg (600 Hz)
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gHSQC spectrum of 3.5 in acetone-dg
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'H NMR spectrum of 3.13 in CDCl3 (500 Hz)
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'H NMR spectrum of 4.5 in acetone-ds (500 Hz)
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'H NMR spectrum of 4.6 in acetone-ds (500 Hz)

e A

56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06
f1 (ppm)

3C NMR spectrum of 4.6 in acetone-ds (125 Hz)

O S W

190 180 170 160 150 140 130 120 1lo

100 90 80 70 60 50 40 30 2 10
f1 (ppm)

156



'H NMR spectrum of 5.4 in DM SO-dg (600 Hz)
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'H NMR spectrum of 5.5 in DM SO-dg (600 Hz)
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gHMQC spectrum of 5.5 in DM SO-ds
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'H NMR spectrum of 5.7 in DM SO-dg (600 Hz)

NeeVes
~
0] (0]
OH
o_©
5.7

4 il . /JLM Kw 0

0O 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 2
ppm

3¢ NMR spectrum of 5.7 in DM SO-ds (150 Hz)

00
~
0] (0]
OH
o_©

5.7

81

jo 190 180 170 160 150 140 130 130 1lo 100 90 8 70 60 50 )
ppm

160



gHMBC spectrum of 5.7 in DM SO-ds
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'H NMR spectrum of 5.8 in DM SO-dg (600 Hz)
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gHSQC spectrum of 5.8 in DM SO-dg
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'H NMR spectrum of 5.10 in CD3OD (600 Hz)
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gHSQC spectrum of 5.10 in CD;0D
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'H NMR spectrum of 5.11 in CD;0D (600 Hz)
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gHMBC spectrum of 5.11 in CD3;0D
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'H NMR spectrum of 5.13 in CD3OD (600 Hz)
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gHMBC spectrum of 5.13 in CD30D
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'H NMR spectrum of 6.6 in CDCl3 (600 Hz)
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gHSQC spectrum of 6.6 in CDCl3
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'H NMR spectrum of 6.7 in CDCl3 (600 Hz)
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gHSQC spectrum of 6.7 in CDCl3
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'H NMR spectrum of 6.13 in CDCl (500 Hz)
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'H NMR spectrum of 6.14 in CDCl (500 Hz)
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'H NMR spectrum of 6.15 in CDCl (500 Hz)
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'H NMR spectrum of 6.16 in CDCl (500 Hz)
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'H NMR spectrum of 6.17 in CDCl (500 Hz)
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'H NMR spectrum of 6.18 in CDCl (500 Hz)
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'H NMR spectrum of 6.19 in CDCl5 (500 Hz)
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'H NMR spectrum of 6.20 in CDCl5 (500 Hz)
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'H NMR spectrum of 6.21 in CDCl (600 Hz)
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'H NMR spectrum of 6.22 in CDCls (600 Hz)
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'H NMR spectrum of 6.23 in CDCl5 (500 Hz)
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'H NMR spectrum of 6.24 in CDCl (500 Hz)
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'H NMR spectrum of 6.25 in CDCl (500 Hz)
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'H NMR spectrum of 6.26 in CDCl (500 Hz)
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'H NMR spectrum of 6.27 in CDCl5 (500 Hz)
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'H NMR spectrum of 6.28 in CDCl (600 Hz)
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'H NMR spectrum of 6.29 in CDCl (600 Hz)
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'H NMR spectrum of 6.30 in CDCl (600 Hz)
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'H NMR spectrum of 6.31 in CDCl3 (500 Hz)
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